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Introduction 


The  spread  of  laser  instruments  to  many  fields  of  human  activity  and  the  potential  of 
laser  radiation  to  produce  biological  damage  make  certain  that  laser  accidents  leading 
to  human  injuries  will  occur.  Laser  radiation  is  especially  liable  to  cause  accidents  since 
it  may  be  projected  over  long  distances,  is  often  used  in  the  open  space,  and  is 
sometimes  invisible. 

The  potential  of  laser  instruments  to  be  harmful  was  realized  quite  early  on  in  their 
development,  and  stringent  rules  were  imposed  in  most  countries  to  minimize  injuries. 
Those  regulations  are  obviously  effective  since  laser  injuries  are  as  yet  uncommon  and 
the  reported  cases  number  only  in  the  hundreds.  However,  more  accidental 
laser-inflicted  traumata  are  expected  in  the  future  as  more  people  are  potentially 
exposed. 

The  situation  is  especially  grave  in  the  military  where  lasers  constitute  parts  of  weapon 
systems  to  be  used  outdoors  and  are  necessarily  directed  at  other  people.  The  hazards 
are  even  greater  when  the  potential  victims  are  using  collecting  optics.  The  facts 
regarding  laser  injuries  are  well  known  enough  for  some  military  planners  to  develop 
laser  weapons  aimed  at  producing  visual  incapacitation  of  the  enemy.  Some  of  these 
systems  have  been  fielded  and  used.  These  potential  weapons  are  based  on  the  fact  that 
the  eye  is  the  body  organ  most  vulnerable  to  laser  radiation,  especially  in  the  visible 
and  near-infrared  wavelengths.  This  vulnerability  is  a  result  of  the  eye's  dioptric 
apparatus  focusing  the  light  on  the  retina,  thus  increasing  the  energy  concentration 
many  thousandfold.  Consequently,  almost  all  of  the  laser  accidents  reported  thus  far 
involved  ocular,  mainly  retinal,  damage. 

The  SPIE  conference  was  a  unique  opportunity  for  people  of  all  spheres  of  the  laser 
world  to  exchange  data  and  opinions  in  this  multidisciplinary,  rapidly  expanding  field. 
The  conference  focused  its  attention  on  the  extent  of  the  problem  of  laser-inflicted  eye 
injuries,  methods  to  minimize  the  occurrence  of  laser-related  accidents,  and  developing 
currently  nonexistent  methods  of  therapy.  Almost  all  relevant  aspects  were  covered  in 
the  conference,  including  means  of  diagnosing  and  quantifying  laser  eye  injuries, 
detailed  descriptions  of  cases,  the  mechanism  by  which  laser  damage  is  produced,  the 
sensory  sequelae  of  the  traumata,  and  the  developing  treatment  of  injuries  using  the 
new  modality  of  neuroprotection.  A  new  type  of  goggles  that  can  potentially  prevent 
laser  injuries  on  the  battlefield  was  presented.  Other  types  of  radiation  which  constitute 
eye  hazards  were  described,  as  were  the  safety  practices  required  in  medical  settings 
where  many  types  of  lasers  are  commonly  used. 
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ABSTRACT 

The  ubiquity  of  laser  radiation  in  military,  medical,  entertainment,  telecommunications  and 
research  industries  and  the  significant  risk  of  eye  injury  from  this  radiation  are  firmly 
established.  While  important  advances  have  been  made  in  understanding  laser  bioeffects 
using  animal  analogues  and  clinical  data,  the  relationships  among  patient  characteristics, 
exposure  conditions,  severity  of  the  resulting  injury,  and  visual  function  are  fragmented, 
complex  and  varied.  Although  accident  cases  are  minimized  through  laser  safety  regulations 
and  control  procedures,  accumulated  accident  case  information  by  the  Laser  Eye  Injury 
Evaluation  Center  warranted  the  development  of  a  laser  accident  and  incident  registry.  The 
registry  includes  clinical  data  for  validating  and  refining  hypotheses  on  injury  and  recovery 
mechanisms;  a  means  for  analyzing  mechanisms  unique  to  human  injury:  and  a  means  for 
identifying  future  areas  of  investigation.  The  relational  database  supports  three  major 
sections:  (1)  the  physics  section  defines  exposure  circumstances,  (2)  the 
clinical/ophthalmologic  section  includes  fundus  and  Scanning  Laser  Ophthalmoscope  images, 
and  (3)  the  visual  functions  section  contains  specialized  visual  function  exam  results.  Tools 
are  available  for  subject-matter  experts  to  estimate  parameters  like  total  intraocular  energy 
(TIE),  ophthalmic  lesion  grade  (Wolfe  Grade),  and  exposure  probability.  The  database  is 
research  oriented  to  provide  a  means  for  generating  empirical  relationships  to  identify 
symptoms  for  definitive  diagnosis  and  treatment  of  laser  induced  eye  injuries. 

Keywords',  laser-eye  injury,  database,  laser-eye  accident,  laser  safety,  laser-ocular  trauma 

1.  INTRODUCTION 

The  study  of  bioeffects  resulting  from  laser  eye  exposure  is  concerned  with  the  explanation 
and  description  of  change  in  visual  function  and  morphology  subsequent  to  laser  exposure. 
One  method  toward  this  end  is  to  compare  the  visual  function  and  morphological  outcomes  of 
subjects  randomly  assigned  to  conditions  that  are  systematically  varied  along  specified 
parameters.  For  example,  analogues  of  laser  eye  exposure  are  developed  through 
systematically  varying  laser  exposure  conditions  and  comparing  subsequent  visual  function 
and  morphology  against  control  conditions.^  In  addition,  aspects  of  visual  function  loss  can  be 
modeled  by  systematically  augmenting  or  suppressing  the  visual  system  with  various  visual 
stimuli  and  comparing  visual  performance  across  treatment  and  control  conditions.^  These 
examples  represent  a  nomothetic  approach  to  discerning  laser  bioeffects.  This  approach 
emphasizes  the  treatment  of  subjects  as  groups  in  which  individual  differences  are  relegated 
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to  the  status  of  error  variance.  The  strength  of  this  approach  is  in  directly  testing  an  a  priori 
principle  against  rival  positions.  The  extent  to  which  the  principle  withstands  the  rigor  of  this 
method  determines  the  generality  of  the  principle.  The  weakness  of  the  approach  is  in  the 
conception  of  a  priori  principles  in  which  to  invest  and  in  defining  the  parameters  of  the 
experiment  in  a  manner  that  renders  internally  as  well  as  externally  valid  results. 


In  contraposition  to  the  nomothetic  method  is  the  evaluation  of  laser  bioeffects  through  a 
comprehensive  evaluation  of  visual  function  and  morphologic  change  within  each  laser  eye 
accident  case.  This  is  an  idiographic  approach  to  discerning  laser  bioeffects  and  is  the  focus 
of  the  US  Army  Laser  Eye  Evaluation  Center.®  "*  This  approach  emphasizes  the  uniqueness  of 
laser  induced  damage  and  repair  processes  within  an  individual.  The  emphasis  on  the 
contribution  of  individual  differences  to  the  outcome  illuminates  general  principles  through 
symmetries  in  the  data  across  each  case.  The  strength  of  this  approach  is  in  the  rich 
description  of  naturally  occurring  laser  induced  damage  and  repair  processes  from  which 
externally  valid  hypotheses  can  be  derived.  The  weakness  of  this  approach  is  in  the  lack  of 
control  over  antecedent  conditions.  This  lack  of  control  over  antecedent  conditions  diminishes 
the  strength  of  relationships  with  consequent  change  in  visual  function  and  morphology. 
However,  the  richness  of  the  idiographic  approach  in  generating  hypotheses  in  conjunction 
with  the  rigor  of  the  nomothetic  approach  in  testing  hypotheses  provides  a  formidable  scientific 
method  from  which  to  study  laser  bioeffects. 


Throughout  the  20  year  history  of  the  Laser  Eye  Injury  Evaluation  Center  a  number  of 
specialized  visual  functions  tests  and  imaging  technologies  have  been  developed.®®  This 
effort  has  culminated  in  a  comprehensive  laser  eye  examination  designed  to  evaluate  the  full 
extent  of  visual  function  and  morphology  in  order  to  resolve  abnormalities  resulting  from  laser 
eye  exposure  and  to  distinguish  them  from  other  eye  injury  and  disease.  Since  1991, 
approximately  1 0  new  acute  laser  eye  accident  cases  have  been  evaluated  per  year  (Figure 


1).  With  a  detailed  accident  interview,  a 
precise  description  of  the  physics  of  the 
exposure  circumstances,  an 

ophthalmologic  exam  complete  with 
fundus,  scanning  laser  ophthalmoscope 
and  optical  coherence  tomography  images, 
a  battery  of  specialized  visual  functions 
tests  and  data  from  follow-up  evaluations, 
the  complexity  and  extent  of  information 
can  only  be  managed  in  a  relational 
database  format.  The  database 
constructed  to  store  this  information  is  the 
Laser  Accident  and  Incident  Registry 
(LAIR)  which  was  created  using  Microsoft 
Access  and  attainable  through  the 
USAMRD-WRAIR  Intranet. 


Cumulative  Number  of  Patients 


Figure  1 .  Cumulative  number  of  acute  laser  eye  accident  cases  referred 
to  the  Laser  Eye  Injury  Evaluation  Center,  Brooks  Air  Force  Base.TX. 
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2.  LASER  ACCIDENT  AND  INCIDENT  REGISTRY 


The  purpose  of  the  registry  is  to  provide  a  research  tool  supporting  the  Laser  Eye  Injury 
Evaluation  Center’s  idiographic  methodology.  As  a  research  tool,  the  information  within  the 
registry  must  be  empirical  and  reliable,  and  the  registry  must  provide  a  facile  means  for 
manipulating  the  empirical  information.  The  data  within  the  registry  are  empirical  in  that  the 
data  sources  for  the  registry  yield  observable  and  quantifiable  results  that  are  entered  into  the 
database  in  their  original  form.  For  example,  the  registry  does  not  draw  any  conclusions  about 
a  contrast  sensitivity  curve  such  as  reporting  that  the  patient  has  a  loss  in  low  spatial 
frequency  sensitivity.  The  registry  simply  presents  the  source  of  the  data  (CS-2000,  dual 
Purkinje  Eye-Tracker,  Scanning  Laser  Ophthalmoscope),  the  patient’s  contrast  sensitivity 
function,  and  a  group  mean  function  from  clinically  normal  controls.  The  empirical  nature  of 
the  database  prevents  the  canalizing  of  the  researcher’s  conclusions  toward  a  particular  end 
state.  In  this  way,  the  registry  is  in  contrast  to  a  clinically  oriented  database  which  yields  a 
reliable  conclusion  through  a  deliberate  amalgamation  of  the  empirical  data  into  a  syndrome. 

The  Laser  Accident  and  Incident  Registry  consists  of  25  tables  with  case  identification  as  the 
primary  table  (Figure  2).  This  table  contains  a  synopsis  of  the  case,  information  about  how  to 
contact  the  patient,  and  information  about  who  entered  the  data.  The  data  entry  information  is 

used  to  estimate  the  reliability  of  the  data  entry 
process.  Initially,  the  reliability  for  data  entry 
will  be  based  on  100%  of  the  cases  entered. 
Each  case  is  entered  independently  by  3  data 
entry  personnel.  Percent  agreement  for  each 
table  is  then  evaluated  by  dividing  the  number 
of  agreements  for  each  dependent  variable 
within  a  table  by  the  number  of  disagreements 
plus  the  number  of  agreements  and  multiplying 
by  100  to  yield  a  percent  agreement  score. 
The  purpose  of  this  reliability  estimate  is  to 
insure  the  fidelity  of  the  data  entry  process  and 
to  identify  problems  with  the  data  entry  forms 
that  may  facilitate  data  entry  errors.  Once  the 
reliability  estimate  for  a  table  is  greater  than  or 
equal  to  95%,  reliability  estimates  for  that  table  will  be  randomly  sampled  every  fifth  entry. 
Every  fifth  entry  will  be  sampled  unless  a  new  data  entry  person  has  entered  the  data,  the 
table  has  been  changed,  or  the  reliability  estimate  for  a  table  drops  below  95%.  Any 
discrepancies  in  data  entry  will  be  reconciled  with  the  original  data  source.  This  data  entry 
reliability  scenario  optimizes  entering  the  data  in  a  timely  manner  with  ensuring  the  reliability  of 
the  data  entry  process. 

Several  tools  are  available  for  manipulating  the  empirical  information  within  the  registry.  The 
obvious  tools  are  links  to  the  programs  within  the  Microsoft  Office  suite.  For  example,  the  data 
for  the  various  visual  functions  tests,  like  the  contrast  sensitivity  functions,  are  stored  in  an 


Figure  2.  Data  relationships  In  the  Laser  Accident  and  Incident  Registry 
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Excel  spreadsheet  that  is  directly  accessible  through  the  graph  of  the  function  within  the 
database.  Thus,  the  data  are  stored  in  a  format  easily  exportable  to  a  statistical  package  or 
statistics  can  be  performed  on  the  data  using  the  functions  available  in  Excel.  Structured 
interviews  are  stored  as  Word  files  which  can  be  parsed  in  any  manner  or  searched  for  key 
words.  In  addition  to  the  links  to  the  programs  within  the  Microsoft  Office  suite,  there  is  an 
image  analyzer  that  has  tracing  and  area  calculation  functions.  Total  intraocular  energy, 
probability  of  the  injury  as  an  actual  laser  induced  injury  and  ophthalmic  grade  of  lesions  can 
be  estimated  through  available  algorithms  which  are  based  on  standard  laser  safety  and 
clinical  estimates.^®  ® 


3.  RESULTS 


Figure  3a.  An  uncomplicated  laser 
injury  from  an  accidental  Q-switched 
Neodymium  laser  exposure.  The 
lesion  is  temporal  to  the  fovea  in  the 
patient's  right  eye  (20®  SLO  field). 
Snellen  acuity  =  20/15 


Figure  3b.  A  complicated  laser  eye  injury  from 
an  accidental  Q-switched  Neodymium  laser 
exposure.  The  lesion  is  nasal  to  the  fovea  in 
the  patient's  right  eye  (20°  SLO  field). 

Snellen  acuity  =  20/100 


Although  not  all  of  the  laser  accident  and  incident  information  from  the  US  Army  Laser  Eye 
Injury  Evaluation  Center  has  been  entered  into  the  database,  some  potential  research 

hypotheses  have  already  been 
identified.  For  example,  the  database 
has  revealed  a  nominal  classification 
of  laser  eye  injury  that  correlates  with 
visual  function.^®  Patients  who  were 
accidentally  irradiated  by  neodymium 
Q-switched  lasers  show  a  range  of 
ophthalmoscopically  resolvable  laser 
induced  injury  from  similar  retinal 
exposure.  This  range  of  damage 
suggested  a  classification  based  on 
the  location  of  the  injury  (foveal  or 
parafoveal),  and  on  the  degree  of  complication  associated  with  the  injury  (uncomplicated, 
intermediate,  or  complicated).  The  degree  of  complication  is  based  on  the  severity  of 
secondary  sequelae  associated  with  the 
lesion  (e.g.;  scarring,  traction  and  nerve 
fiber  layer  anomalies)  (Figure  3).  The 
classification  system  led  to  the 
hypothesis  that  there  are  separable 
contributions  to  visual  function  loss 
associated  with  laser  induced  retinal 
lesions.  Part  of  the  loss  in  visual  function 
may  be  due  to  primary  damage 
mechanisms  and  part  of  the  loss  may  be 
attributable  to  secondary  sequelae.  This 
hypothesis  was  directly  tested  in  a  series 
of  experiments  using  a  dual  Purkinje  Eye- 
Tracker  (Figure  4).  Note  that  the  contrast 
sensitivity  function  for  the  modeled  visual 


Figure  4.  Landolt  ring  contrast  sensitivity  functions  for  clinically  normal  subjects  under  baseline 
and  simulated  parafoveal  scotoma  conditions  compared  with  functions  from  three  patients 
showing  a  range  of  complications  associated  with  their  parafoveal  lesion. 
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field  defect  is  concordant  with  that  of  the  patient  classified  as  uncomplicated  and  that 
concordance  diminishes  with  complication.  Data  from  a  recent  accident  case  and  results  from 
other  nomothetic  studies  have  supported  the  hypothesis.® 


4.  DISCUSSION 

The  Laser  Accident  and  Incident  Registry  (LAIR)  is  a  research  tool  with  laser  accident  and 
incident  information  supplied  by  the  US  Army  Laser  Eye  Injury  Evaluation  Center.  The 
database  has  proven  useful  in  directing  investigations  of  laser  bioeffects.  As  more  accident 
case  information  is  added  to  the  database  more  subtle  laser  bioeffects  may  be  revealed.  The 
database  is  research  oriented  to  provide  a  means  for  generating  empirical  relationships  to 
identify  symptoms  for  definitive  diagnosis  and  treatment  of  laser  induced  eye  injuries.  Once 
reliable  symptoms  can  be  identified,  a  clinical  database  for  acute  exposure  can  be  established 
which  can  be  used  as  an  expert  system  to  facilitate  diagnosis  and  treatment  of  acute  laser 
induced  eye  trauma. 

Referrals  to  the  US  Army  Laser  Eye  Injury  Evaluation  Center  are  normally  accident  cases  with 
ophthalmoscopically  resolvable  trauma  and  with  the  contingency  certain  that  a  laser  induced 
the  trauma.  Therefore,  the  database  is  wanting  in  those  cases  in  which  the  contingency  is 
uncertain  or  in  those  cases  where  there  is  no  ophthalmoscopically  resolvable  injury.  To 
account  for  the  contingency  issue,  at  least  in  acute  cases  where  the  injury  is 
ophthalmoscopically  resolvable,  the  unit  has  developed  a  probability  index  of  laser  exposure.  ® 
This  index  is  based  on  several  factors  including  exposure  geometry,  feasibility  of  the  patient’s 
account  of  the  incident,  and  the  ruling  out  of  disease  or  other  trauma  that  could  have  caused 
the  ophthalmoscopically  resolvable  anomaly. 

Although  the  database  captures  the  acute  cases,  it  falls  short  on  chronic  low-level  laser 
exposure  cases.  Chronic  low-level  effects  are  difficult  to  capture  because  visual  function  loss 
may  not  be  allied  with  an  ophthalmoscopically  resolvable  anomaly  associable  to  laser 
radiation.  Long-term  vision  problems  could  be  experienced  by  persons  subjected  to  the 
continuous  viewing  of  low-level  laser  radiation,  such  as  holography,  ranging,  pattern  making, 
and  other  military,  medical  and  industrial  laser  applications.^^  Laser  ocular  effects  at  or  below 
ophthalmoscopically  visible  criteria  may  be  a  function  of  direct  absorption  of  the  energy  in 
more  superficial  retinal  layers.  Moreover,  repeated  exposures  may  effect,  in  a  cumulative 
fashion,  the  ability  of  the  retina  or  visual  system  to  recover.^^  In  order  to  capture  these  effects, 
the  database  will  have  to  be  expanded  to  high  risk  occupations  for  chronic  low-level  laser 
exposure,  such  as  soldiers  on  the  battlefield,^®  as  well  as  continuing  to  expand  the  database  in 
animal  analogue  data  on  chronic  low-level  laser  exposure. 
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Abstract 

Depiction  of  the  cellular  and  immune  responses  in  the  human  model  is  critical  to  design  rational 
therapies  preventing/limiting  cellular  destruction  and  ultimately  functional  visual  loss  following  acute 
laser  injuries.  We  report  the  light  and  electron  microscopy  histologic  findings  in  a  controlled  ocular 
human  laser  exposure.  Following  informed  consent,  the  normal  eye  of  a  patient  scheduled  to  undergo 
exenteration  for  invasive  carcinoma  of  the  orbit  was  exposed  to  both  continuous  wave  and  Q-switched 
lasers.  Four  hours  prior  to  exenteration,  argon  G  lesions  (514  run,  280mW/l  00msec)  were  placed  in  the 
superior/temporal  quadrant  and  Nd:YAG  lesions  (1064  nm,  1.2-2  mJ/20  nsec)  were  placed  in  the 
inferior/temporal  quadrant.  After  enucleation,  the  retina  was  prepared  for  routine  light  and  transmission 
electron  microscopy.  Histology  of  the  argon  G  lesions  showed  primarily  photoreceptor  and  RPE 
photocoagulation  damage.  Neutrophil  adhesion  was  limited  within  the  choroid  and  no  neutrophils  were 
observed  in  the  subretinal  space.  In  contrast,  the  4  hr  Nd:YAG  lesions  showed  extensive  retinal 
disruption,  hemorrhage  within  subretinal  and  intraretinal  spaces,  neutrophil  accumulation  in  the  retina, 
and  an  extensive  neutrophil  chemotaxic  and  emigration  response  in  the  choroid.  Severe  laser  injuries 
elicit  a  significant  neutrophil  response  by  4  hr,  suggesting  that  neutrophils  should  be  an  early  stage 
therapeutic  target. 

Key  Words:  laser,  injury,  retina,  photoreceptors,  neutrophile,  human,  histology,  argon,  Nd:YAG 

2.  Introduction 

Directed  energies  research  is  essential  for  the  design  and  implementation  of  medical  treatments  for 
ocular  laser  injuries.  Accurate  depiction  of  human  cellular  and  immune  responses  following  laser 
exposure  is  critical  to  both  design  rational  therapies  and  to  avoid  or  limit  cellular  destruction,  ultimately 
preventing  or  reversing  functional  visual  loss.  Information  regarding  human  histologic  tissue  responses 
in  acute  laser  injuries  is  difficult  to  acquire.  Only  one  previous  report  on  experimental  non-macular 
Nd:YAG  laser  injury  in  humans  has  been  reported  and  only  one  report  with  macular  injury^  exist.  We 
report  light  and  electron  microscopy  histology  findings  in  a  comparison  series  of  controlled  ocular 
human  Q-  Switched  (Nd:YAG,  1064  nm)  and  Continuous  Wave  (Argon,  514  nm)  laser  exposures. 
Histologic  analysis  revealed  that  acute  stage  inflammatory  responses  are  critical  considerations  in  the 
early  therapeutic  management  of  these  injuries. 


3.  Method 

Following  obtained  informed  consent,  a  normal  human  eye  of  a  patient  scheduled  to  undergo 
exenteration  for  an  invasive  morpheaform  basal  cell  carcinoma  of  the  medial  canthal  region  was  exposed 
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to  both  visible  continuous  wave  and  near  infrared  Q-switched  laser  energy.  Clinical  Argon  green  (514 
nm)  and  NdiYAG  (1064  nm)  lasers  were  used.  Four  hours  prior  to  exenteration  the  patient’s  eye  was 
subjected  to  both  continuous  wave  (CW)  argon  and  Q-switched  Nd:YAG  pulses.  The  Argon  G 
(280m W/1 00msec)  200  micron  (200  micron  slitlamp  delivery  via  Volk  Quadraspheric™  fundus  contact 
lens)  spots  were  placed  in  the  superior/temporal  quadrant  above  the  patient’s  macula.  The  Nd:YAG 
(1064  nm,  1.2-2  mJ/20  nsec)  spots  were  placed  (via  a  macular  Haag-Streit  -64.5  diopter  contact  lens)  in 
the  inferior/temporal  quadrant.  After  enucleation,  the  retina  was  prepared  for  routine  light  and 
transmission  electron  microscopy.  Semi-serial  plastic  sections  through  the  centers  of  the  laser  injuries 
were  obtained  and  evaluated. 


4.  Results 


4.1  Argon  Light  Microscopy 

Light  microscopy  of  the  argon  lesions  at  the  choroid  revealed  vascular  occlusion  of  the  choriocapillaris. 
Neutrophil  adhesion  was  limited  to  within  the  choroid  and  no  neutrophils  were  observed  in  the 
subretinal  space.  The  choroidal  vasculature  shows  extensive  polymorphonuclear  cell  (PMN)  adhesion  to 
the  vascular  endothelium  and  migration  into  the  interstitial  space.  The  choroidal  vasculature  revealed 
occlusion  (Figure  1,  A) 

Light  microscopy  of  the  argon  lesions  in  the  RPE  and  outer  retinal  layers  revealed  significant  heat- 
fixation  of  the  photoreceptor  and  RPE  layers.  There  was  an  artifactual  separation  of  the  RPE  from  the 
intact  Bruch’s’  membrane  with  a  zone  of  separation  (edema  and  fluid  accumulation)  between  the  heat 
fixed  mass  of  photoreceptors  and  the  anterior  outer  nuclear  layer.  Serous  exudate  accumulated  at  the 
edge  of  the  lesion.  The  inner  retinal  layers  appeared  histologically  normal. 

4.2  Argon  electron  microscopy 

Electron  microscopy  of  the  choroid  (Figure  1,  B)  revealed  vascular  endothelial  cell  (VEC)  disruption. 
PMNs  were  adherent  to  the  site  of  disruption  and  were  noted  to  have  emigrated  beneath  the  VEC.  Both 
PMNs  and  platelets  were  noted  not  to  be  degranulated.  Disruption  of  VEC,  elaboration  of  adhesion 
factors/integrins  following  injury  leads  to  vascular  permeability. 

Electron  microscopy  of  the  outer  nuclear  layers  (Figure  1,C)  showed  extensive  destruction  of  the  outer 
nuclear  layer.  The  outer  nuclear  layer  revealed  nuclei  in  various  stages  of  condensation,  pyknosis,  and 
fragmentation.  The  photoreceptor  synaptic  endings  were  also  pyknotic  and  the  inner  segments  were 
highly  vacuolated.  The  overlying  inner  retinal  layers  were  normal  in  appearance. 

4.3  NdiYAG  light  microscopy 

Light  microscopic  histology  of  the  lesions  (Figure  2,  A)  at  the  level  of  the  choroid  revealed  widespread 
PMN  adhesion  to  the  choroidal  VECs  in  large  numbers  with  PMN  emigration  from  the  choroidal 
vasculature  into  the  choroidal  interstitial  space.  Extensive  platelet  thrombi  within  the  choroidal  vessels 
were  seen. 
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Light  microscopic  histology  of  the  lesions  within  the  RPE  showed  complete  disintegration  of  the  RPE 
near  the  lesion  center.  There  were  breaks  in  Bruch’s  membrane  and  the  underlying  choriocapillaris. 
These  breaks  together  with  the  involvement  of  the  underlying  choriocapillaris  lead  to  significant 
subretinal  hemorrhage. 

Figure  1,  A:  Light  microscopy  of  the  argon  lesion. 


Figure  1,  B:  Electron  microscopy  of  the  Figure  1,  C:  Electronmicroscopy  of  the  outer 

choroid  (argon).  nuclear  layer  (argon). 


12 


Figxire  2,  A:  Light  microscopy  Nd:YAG  lesion. 


Figure  2,  B;  Electron  Microscopy  of  RPE  (Nd:YAG) 


Figure  3,  A:  Electron  microscopy  of  outer  Figure  3,  B:  Electron  microscopy  of  choroid 
nuclear  layer  (Nd:YAG).  (NdrYAG). 


Figrxre  3,  C;  Electron  microscopy  of  partially  degranulated  PMN  in 
outer  nuclear  layer  (Nd:YAG). 


There  was  associated  bleeding  within  the  overlying  retina  with  focal  intraretinal  hemorrhage  as  well. 
Whether  this  intraretinal  hemorrhage  was  due  to  traumatic  communication  with  the  subretinal  space  or 
due  to  separate  retinal  vascular  injury  was  not  clear. 

Light  microscopic  histology  of  the  lesions  (Figure  2,  A)  in  the  retina  exhibited  obvious  intraretinal 
hemorrhage  and  breakdown  of  the  “blood-retinal  barrier”.  There  were  pyknotic  nuclei  dispersed  along 
the  lesion  periphery.  Fragmented  nuclei  were  seen  within  the  lesion  center.  Marked  PMN  infiltration 
into  the  outer  retina  was  present  by  four  hours  following  injury. 

4.3  Nd:YAG  electron  microscopy 

Electron  microscopy  revealed  fragmented  RPE  (Figure  2,  B)  with  dispersed  melanin  granules  and  PMNs 
in  the  subretinal  space.  There  were  fractured  melanin  granules  in  the  subretinal  space  and  these  were 
noted  to  have  been  phagocytized  melanin  granules  by  monocytes.  There  were  extensive  infiltration  of 
PMNs  into  the  outer  and  inner  segment  zone  (Figure  3,  A).  The  choroid  (Figure  3,  B)  showed  PMNs 
lining  up  along  the  margins  of  a  choroidal  vessel.  Several  PMNs  appear  to  be  adherent  to  the  damaged 
VEC.  PMNs  were  also  noted  to  have  emigrated  beneath  the  VEC  into  the  choroidal  interstitial  space.. 
There  were  pyknotic  nuclei  within  the  outer  nuclear  layer.  A  serous  exudate  accumulated  between  the 
outer  segments  and  within  the  subretinal  space.  The  morphologic  integrity  of  the  outer  segment  was 
highly  disrupted  possibly  due  to:  a)  release  of  proteases,  collagenases,  elastases,  and  peroxidases  from 
PMNs  (Figure  3,  C),  b)  products  (free  iron)  from  red  blood  cell  degradation,  c)  ischemia  from  choroidal 
vascular  occlusion  and  reperfusion  injury  (lipid  peroxidation),  and  d)  direct  thermal  and  mechanical 
effects  from  the  Q-switched  exposure. 


5.  Discussion 

Comparison  of  the  light  microscopy  of  the  CW  argon  and  Q-switched  Nd:YAG  reveal  several 
interesting  observations.  The  CW  lesion  resulted  in  heat-fixed  RPE  cells  compared  to  the  almost  total 
disintegration  of  the  RPE  by  the  Q-switched  exposure.  The  melanin  granules  were  dispersed  in  the  Q- 
switched  injury.  Light  microscopy  also  revealed  that  the  PMNs  were  markedly  adherent  and  infiltrating 
the  interstitial  space  of  the  choroid  of  the  Q-switched  injury.  PMNs  were  also  infiltrating  the  outer  retina 
in  the  Q-switched  exposures  while  they  were  not  observed  in  the  retina  of  the  CW  exposures. 

The  CW  argon  lesion  resulted  in  a  large  area  of  coagulation  within  the  choriocapillaris  compared  with 
very  little  to  non-existent  coagulation  within  the  choriocapillaris  of  the  Q-switched  lesion.  In  the  Q- 
switched  injury,  the  deeper  vasculature  of  the  choroid  was  markedly  invested  with  PMNs  and  platelet 
thrombi  while  the  CW  lesion  was  comparatively  less  involved.  Subretinal  and  intraretinal  hemorrhage 
with  PMN  infiltration  was  seen  following  the  Q-switched  pulse,  while  the  CW  lesion  produced  no 
visible  hemorrhage  at  this  power  density.  Subretinal  hemorrhage  seemed  to  be  associated  with  the 
severity  of  the  Q-switched  lesion  and  the  disruption  of  both  Bruch’s  membrane  and  the  vessel  walls  of 
the  choriocapillaris. 

Electron  microscopy  of  the  Q-switched  lesion  evidenced  fragmentation  of  the  melanin  granules  as  a 
result  of  the  laser  exposure.  This  release  of  morphologically  altered  melanin  and  subsequent  phagocytic 


inclusion  in  such  antigen  presenting  cells  as  the  monocyte  may  lead  to  enhanced  immime  cell  interaction 
and  recruitment.  The  RPE  of  the  CW  injury  were  heat  fixed.  In  the  acute  Q-switched  exposure,  PMNs 
were  noted  to  be  present  in  large  numbers  in  the  choroidal  vasculature,  as  well  as  the  subretinal  space 
and  intraretinally.  The  acute  CW  lesion  had  comparatively  less  PMN  involvement  and  no  leukocytic 
infiltration  was  seen  subretinally  or  intraretinally.  The  large  numbers  of  PMNs  seen  in  the  Q-switched 
injury  reflects  more  extensive  injury  and  may  lead  to  enhanced  tissue  loss  within  primarily  laser 
damaged  layers  and  secondary  damage  to  previously  uninvolved  or  adjacent  “bystander”  cells  in  the 
retina. 


6.  Conclusion 

We  have  documented  human  immune  and  histologic  responses  to  acute  continuous  wave  Argon  514  nm 
and  Q-  Switched  Nd:YAG  1064  nm  laser  ocular  injuries.  Histologically,  one  of  the  earliest  cellular 
responses  in  both  CW  and  Q-switched  injuries  of  the  human  eye  consists  of  an  intense  acute 
inflammatory  response  consisting  of  neutrophiles.  Q-switched  Nd:YAG  injuries  are  the  most  commonly 
encountered  laser  accidents.^  The  Nd:YAG  induced  injury  reported  here  accurately  modeled  the  typical 
ophthalmoscopic  and  morphologic  appearance  of  accidental  Q-Switched  injuries  seen  at  our  institution 
and  reported  in  the  literature.^’'*  That  the  severe  injury  of  the  Q-switched  pulse  elicits  a  significant 
neutrophil  response  by  4  hr,  suggests  that  neutrophils  should  be  one  of  the  primary  therapeutic  targets 
during  the  early  stage  of  medical  treatment.  Therapies  designed  to  interrupt  these  initial  events  may 
prevent  secondary  damage  by  PMNs,  preserve  tissue,  and  prevent  functional  visual  loss. 
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ABSTRACT 

A  42  year  old  Caucasian  female  underwent  uncomplicated  extracapsular  cataract  extraction  with 
posterior  chamber  lens  implantation  in  the  left  eye,  using  a  Zeiss  model  OpMi-6  operating  microscope. 
Her  postoperative  course  was  unremarkable  and  she  achieved  a  corrected  visual  acuity  of  20/15+3.  A 
lesion  consistent  with  a  photoretinal  injury  was  noted  inferior  to  the  fovea.  Seven  months  later  the 
patient  underwent  cataract  extraction  in  the  right  eye.  Special  care  was  taken  to  minimize  light  exposure 
during  the  procedure,  including  reducing  the  microscope  illumination,  minimizing  operating  time, 
intraoperative  pharmacologic  miosis,  and  using  a  corneal  light  shield.  Despite  these  precautions,  the 
patient  developed  a  photoretinal  injury  almost  identical  to  that  in  the  contralateral  eye.  Postoperative 
corrected  visual  acuity  was  20/15+3.  Recent  studies  have  reported  incidences  of  retinal  photic  injuries 
from  operating  microscopes  between  0  and  28%  of  patients.  Several  risk  factors  have  been  identified, 
including  light  intensity,  intensity  of  the  blue  light  component,  and  exposure  time.  The  occurrence  of  a 
retinal  photic  injury  in  this  patient  despite  precautions,  development  of  bilateral  cataracts  at  a  young  age, 
and  a  strong  family  history  of  early  cataracts  may  indicate  an  inherited  susceptibility  to  light  induced 
damage.  The  American  National  Standards  Institute  (ANSI)  is  developing  a  product  performance 
standard  which  will  be  applicable  to  operating  microscopes  used  in  ophthalmic  surgery.  The  as  yet 
undetermined  role  of  individual  susceptibility  to  retinal  photic  injury  should  be  considered  in  the 
formulation  of  this  standard. 

Keywords:  phototoxicity,  photic  maculopathy,  operating  microscope,  cataract  surgery 


1.  INTRODUCTION 


1 . 1  Historical  perspective 

Light-induced  thermal  damage  to  the  retina  as  a  consequence  of  solar  exposure  was  first  studied 
by  Verhoeff,  et  al^  in  1916.  Noell,  et  al^,  in  1966,  first  described  the  phenomenon  of  nonthermal  retinal 
phototoxicity.  Ham,  et  al^’'‘  later  confirmed  that  the  mechanism  of  retinal  damage  varied  with 
wavelength.  As  illumination  sources  for  ophthalmic  instrumentation,  particularly  surgical  microscopes, 
became  more  intense,  iatrogenic  clinical  phototoxicity  became  inevitable.  McDonald  and  Irvine^  first 
reported  this  phenomenon  in  1983.  In  the  1980s  and  90s  a  number  of  authors  published  case  series 
involving  phototoxicity  from  operating  microscopes  used  during  cataract  extraction^'^°. 
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1 .2  Significance  of  this  case 


This  is  the  first  reported  case  of  bilateral  photic  maculopathy  following  cataract  surgery.  The 
occurrence  of  a  second  retinal  photic  injury  in  this  patient  despite  precautions,  development  of  bilateral 
cataracts  at  a  young  age,  and  a  strong  family  history  of  early  cataracts  may  indicate  an  inherited 
susceptibility  to  light  induced  damage. 


2.  CASE  REPORT 


2. 1  Patient  history 

A  42  year  old  Caucasian  female  presented  with  a  history  of  painless,  progressive  visual  loss  in 
both  eyes  over  a  three  to  four  year  period.  Her  vision  had  worsened  rapidly  in  the  previous  five  months, 
and  she  complained  of  significant  difficulty  with  glare.  She  was  unable  to  perform  her  job  as  a  secretary 
during  that  time.  Her  past  ocular  history  was  otherwise  negative.  Her  family  ocular  history  was 
significant  for  cataracts  in  her  mother  and  an  older  sister,  both  requiring  cataract  extraction  in  their 
forties.  Her  past  medical  history  was  negative.  She  was  not  taking  any  medications,  and  had  never  been 
on  steroids  or  photosensitizing  medications.  The  patient  denied  past  exposure  to  ionizing  or  non-ionizing 
radiation. 

2.2  Physical  examination 

The  general  physical  examination  was  within  normal  limits.  Eye  examination  revealed  best 
corrected  visual  acuity  of  20/50  in  the  right  eye  and  20/50-2  in  the  left  eye.  Under  normal  ambient 
lighting,  the  visual  acuity  dropped  to  20/200  in  both  eyes.  External  examination,  ocular  motility,  and 
pupillary  reaction  were  normal  in  both  eyes.  The  anterior  segments  were  normal  in  both  eyes.  Dilated 
examination  showed  moderately  dense  nuclear  sclerosis  and  posterior  subcapsular  changes  in  the  lenses 
of  both  eyes.  Fundus  examination  showed  normal  optic  nerves  and  vessels  in  both  eyes.  The  maculae 
were  ‘blond’,  with  minimal  pigmentation  of  the  retinal  pigment  epithelium.  Laboratory  studies  failed  to 
disclose  an  underlying  metabolic  etiology  for  this  patient’s  cataracts. 

2.3  Postoperative  course 

The  patient  underwent  uncomplicated  cataract  extraction  on  her  left  eye.  Her  uncorrected  visual 
acuity  was  20/20-1  within  six  weeks  following  surgery,  and  her  best  corrected  visual  acuity  was  20/15+3 
with  a  refraction  of  -0.50-0.50x035.  An  oval  area  of  pigment  mottling  and  atrophy  measuring 
approximately  one  disc  diameter  in  size,  consistent  with  the  appearance  of  a  photoretinal  injury,  was 
noted  just  below  the  inferior  vascular  arcade. 

Seven  months  later,  the  patient  underwent  cataract  extraction  in  the  right  eye.  Because  of  the 
photoretinal  injury  to  the  left  eye,  the  surgical  technique  was  modified  to  minimize  retinal  light  exposure. 
The  patient’s  uncorrected  visual  acuity  was  20/25  within  seven  weeks  following  surgery,  and  her  best 
corrected  visual  acuity  was  20/15+3  with  a  refraction  of  +0.50-1.00x160.  As  in  the  left  eye,  an  oval  area 
of  pigment  mottling  and  atrophy  measuring  approximately  one  disc  diameter  in  size  was  noted  just 
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below  the  inferior  vascular  arcade.  Intravenous  fluorescein  angiography  showed  transmission  and 
blocking  defects  in  the  area  of  pigment  mottling  as  well  as  late  staining,  characteristic  of  a  healed 
photoretinal  injury. 


3.  METHODS 


3 . 1  Surgical  technique 

The  same  basic  technique  was  used  for  cataract  extraction  in  each  eye.  The  operating  microscope 
used  for  the  surgeries  was  a  Zeiss  model  OpMi-6,  equipped  with  a  halogen  fiberoptic  central  illuminator. 
UV  and  IR  absorbing  filters  were  installed,  but  no  blue  light  filter  was  available  for  this  microscope. 
0.5%  Mydriacil  and  2.5%  Neosynephrine  drops  were  used  for  pupillary  dilation.  Anesthesia  was 
achieved  by  retrobulbar  injection  of  3  to  5  cc  of  a  mixture  of  0.75%  Marcaine,  2%  Xylocaine,  and  150 
units  of  Wydase.  A  bridle  suture  through  the  superior  rectus  muscle  was  used  to  infraduct  the  eye.  A 
superior  conjunctival  peritomy  was  performed,  followed  by  a  mid-limbal  groove  incision.  A  viscoelastic 
(Healon)  was  injected  into  the  anterior  chamber  and  an  anterior  capsulotomy  was  performed.  The 
groove  incision  was  opened  with  scissors  and  the  lens  nucleus  was  removed  by  expression.  The  wound 
was  closed  with  interrupted  nylon  sutures  and  residual  cortex  was  removed  using  an  automated 
irrigation-aspiration  handpiece.  Additional  viscoelastic  was  injected  to  inflate  the  lens  capsule,  and  a 
Cilco  model  S2-B  intraocular  lens  was  placed  into  the  capsular  bag.  Residual  viscoelastic  was  removed 
with  the  irrigation-aspiration  handpiece.  The  remainder  of  the  wound  was  closed  with  interrupted  nylon 
sutures.  Conjunctiva  was  reposited  over  the  wound.  Subconjunctival  injections  of  Gentamycin  and 
Dexamethasone  were  given.  The  eye  was  patched  with  Maxitrol  ointment. 

For  the  surgery  on  the  patient’s  second  eye  every  effort  was  made  to  reduce  retinal  light 
exposure.  The  light  output  of  the  microscope  was  reduced  to  the  minimum  level  necessary  to  visualize 
intraocular  structures.  A  corneal  light  shield  was  in  place  for  all  portions  of  the  procedure  not  requiring 
intraocular  visualization.  Immediately  following  lens  implantation,  Miostat  was  injected  into  the  anterior 
chamber  to  achieve  pupillary  constriction. 

3.2  Spectral  irradiance  measurements 

Following  the  patient’s  second  surgery,  the  spectral  irradiance  of  the  operating  microscope  was 
measured  at  maximum  output,  at  the  plane  of  the  patient’s  pupil  by  Byrnes,  et  al^“.  Measurements 
integrated  over  several  wavelength  ranges  are  listed  in  Table  1.  The  total  measured  irradiance  of  the 
microscope  at  maximum  output  between  250  and  800  nm  was  55.4  mW/cm^.  The  illumination  level  used 
for  the  patient’s  second  surgery  was  estimated  to  be  50%  of  maximum  output. 

3.3  Surgical  times 

Duration  of  exposure  to  microscope  illumination  was  recorded  on  the  operative  report.  The 
preimplantation  exposure  was  calculated  from  the  narrative  portion  of  the  operative  report. 
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Table  1.  Operating  Microscope  Spectral  Irradiance 


Wavelength  (nm) 


Irradiance  (mW/cm^) 


250-320 

<0.005 

320-400 

0.34 

400-500 

6.8 

500-700 

40 

700-800 

8.3 

4.  RESULTS 


4, 1  Exposure  times 

Total  illumination  exposure  time  and  preimplantation  exposure  time  are  listed  in  Table  2: 


Table  2.  Exposure  Times 

Total  exposure  (min)  Preimplantation  exposure  (min) 

Left  eye  80  40 

Right  eye  65  31 


4.2  Photic  maculopathy 

Photic  retinal  injuries  developed  as  a  result  of  operating  microscope  light  exposure  in  both  eyes 
of  this  patient.  Morphologically,  the  lesions  were  quite  similar.  Fortunately,  in  both  eyes,  their  location 
was  extrafoveal,  and  the  patient’s  visual  acuity  was  normal.  This  location  was  a  result  of  the  surgeon’s 
customary  practice  of  using  an  superior  rectus  bridle  suture  to  infraduct  the  eye,  combined  with  inferior 
angulation  of  the  operating  microscope  10  to  15  degrees^. 

5.  DISCUSSION 


5.1  Risk  of  photoretinal  injury 

Khwarg,  et  al®,  in  a  retrospective  study  of  cataract  surgery  using  the  same  model  microscope, 
reported  the  incidence  of  photic  maculopathy  to  be  7.4%.  The  most  significant  associated  risk  factor  was 
mean  total  operating  time  (124  min  in  the  maculopathy  group  vs.  73  min  in  the  non-maculopathy  group, 
p<0.0001).  Byrnes,  et  al^°,  in  a  prospective  study  of  photic  maculopathy  using  the  same  microscope  used 
for  this  patient’s  surgery,  reported  the  incidence  of  photic  maculopathy  to  be  28%.  In  this  series,  the 
authors  found,  using  stepwise  logistic  regression  analysis,  that  the  only  statistically  significant  risk  factor 
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for  development  of  a  photoretinal  injury  was  the  preimplantation  exposure  time  (p=0.0099).  In  a  later 
series^^,  using  a  different  model  microscope  with  40%  lower  irradiance,  and  with  shorter  operative 
times,  none  of  37  patients  developed  fluorescein  angiographic  evidence  of  photoretinal  injury. 

5.2  Predisposing  factors 

Using  Byrnes’  logistic  model*®,  the  calculated  risk  of  photoretinal  injury  based  on  this  patient’s 
preimplantation  exposure  times  was  0.20  in  the  left  eye  and  0.13  in  the  right  eye.  Assuming  no 
predisposition  to  photoretinal  damage,  the  risk  of  developing  lesions  in  both  eyes  would  be  0.026. 

Several  studies  have  shown  a  higher  prevalence  of  cortical  and  posterior  subcapsular  lens 
opacities  in  populations  living  in  areas  of  high  incident  ultraviolet  B  radiation.  While  mechanisms  of 
photochemical  damage  caimot  be  assumed  to  be  the  same  in  the  lens  and  retina,  it  seems  plausible  that 
individuals  susceptible  to  such  damage  would  be  so  in  both  locations.  This  patient,  her  mother,  and  sister 
all  developed  significant,  bilateral  cataracts  at  a  very  young  age  without  an  identifiable  predisposing 
factor  (metabolic,  pharmacologic,  radiation,  etc.).  This  familial  predisposition  to  develop  cataracts  may 
be  related  to  a  susceptibility  to  ocular  photochemical  damage. 

Several  authors  have  noted  similarities  between  photic  lesions  and  those  of  age  related  macular 
degeneration  (AMD)'*’*’*^.  The  higher  prevalence  of  AMD  in  lightly  pigmented  populations  is  well 
known.  This  patient’s  skin  was  very  lightly  pigmented.  She  had  blond  hair  and  blue  irides,  and  as  noted 
previously,  her  fundi  were  also  minimally  pigmented.  The  role  of  iris  pigmentation  in  susceptibility  to 
retinal  phototoxicity  is  controversial.  Cavonius,  et  al*‘*  showed  that  blue  eyed  individuals  required  a  50% 
greater  exposure  to  a  Xenon  arc  source  to  produce  a  threshold  lesion  than  dark  eyed  individuals.  Byrnes, 
et  al*®  found  no  relationship  between  iris  color  and  microscope-induced  photic  maculopathy.  The  role  of 
the  retinal  pigment  epithelium  (RPE),  independent  of  iris  pigmentation  is  also  unclear.  Whether  the  RPE 
functions  primarily  as  a  source  of  energy  absorption  and  free  radical  production,  as  a  free  radical 
scavenger,  or  both  is  not  known. 

The  microscope  used  for  this  patient’s  surgeries,  while  intermediate  in  irradiance,  was  brighter 
than  seven  of  the  ten  operating  microscopes  measured  by  Sliney  and  Armstrong*^  Blue  light  and  eclipse 
filters  were  not  available  for  this  model  microscope  at  the  time  of  this  patient’s  surgeries.  Surgical  times, 
although  typical  for  standard  extracapsular  cataract  extraction  by  a  resident  surgeon,  were  significantly 
longer  than  would  be  expected  for  small  incision  phacoemulsification  performed  by  an  experienced 
surgeon*^. 

5.3  Recommendations 


Foveal  photic  lesions  frequently  result  in  permanent  visual  loss.  Awareness  of  the  potential  for 
photic  retinal  damage  during  ocular  surgery  is  a  key  element  in  its  prevention.  The  Food  and  Drug 
Administration  of  the  US  Department  of  Health  and  Human  Services  recently  published  a  Public  Health 
Advisory  on  retinal  photic  injuries  from  operating  microscopes*®.  Additionally,  several  survey  articles  on 
retinal  phototoxicity  have  recently  appeared  in  the  ophthalmic  literature*^'*^.  Reduction  of  the  total 
energy  delivered  to  the  retina  by  reducing  microscope  illumination,  appropriate  IR,  UV  and  blue  light 
filtration,  and  shortening  operating  time  are  practical  measures  which  should  be  employed  in  all  cases. 
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Additionally,  angulation  of  the  microscope  to  avoid  illumination  of  the  fovea,  use  of  non-coaxial 
illumination  when  practical,  and  eclipse  filters  or  corneal  light  shields  may  mitigate  phototoxic  retinal 
damage. 

The  American  National  Standards  Institute  (ANSI)  is  developing  a  product  performance 
standard  for  ophthalmic  operating  microscopes.  When  formulating  this  standard,  the  role  of  individual 
susceptibility  to  retinal  photic  injury  should  be  considered. 
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Accidental  macular  bums  caused  by  artillery  laser  rangefinder 
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ABSTRACT 

Authors  present  two  cases  of  macular  bum  caused  by  artillery  laser  rangefinder.  Both  injuries  resulted  from  improper  use  of 
laser  device.  One  of  them  occurred  during  combat  activities.  Safety  goggles  were  not  used.  Macular  bums  resulted  in 
permanent  loss  of  central  vision  and  visual  acuity  reduced  to  less  than  0.1. 

Authors  present  results  of  clinical  and  functional  tests  made  during  long  follow  up  period  and  comment  similar  published 
cases  and  ways  of  protection. 

Keywords:  eye  injuries,  military  lasers,  macular  bums,  accidents. 

1.  mTRODUCTION 

Eye  injuries  by  laser  beam  can  occur  by  incidence  during  therapeutical  procedure  (fotocoagulation  of  the  retina),  as  well  as 
during  laser  use  in  other,  nonmedical  purposes:  industry,  research  centers,  military  activities  . 

Since  1960,  when  laser  was  invented,  dozens  of  laser  beam  eye  injuries,  mostly  accidental,  have  been  reported.  The  first  one 
was  described  by  Rathkey  in  1965.  In  1985  Wolf  cited  all  reported  injuries  caused  by  laser  from  1965  to  1985. 

Injuries  caused  by  lasers  used  for  military  purposes  are  relatively  rare  and  are  almost  exclusively  caused  by  laser  rangefinders. 
In  this  study  two  cases  of  macular  injury  caused  by  laser  rangefinder  have  been  presented  for  the  first  time.  One  of  them 
occurred  during  combat  activities. 

The  aim  of  this  study  is  to  point  out  the  dangers  related  to  use  of  powerful  lasers,  the  necessity  to  recognize  clinical  picture 
and  course  of  this  pathological  condition,  and  particularly  to  emphasize  the  great  importance  of  correct  handling  of  laser 
devices  and  means  of  protection  . 


2.  CASE  REPORTS: 


2.L  First  case 

P.S.,  36  year  old  male,  member  of  the  army,  injured  his  right  eye  while  operating  artillery  laser  rangefinder.  The  injury 
occurred  during  careless  adjusting  of  laser  device,  during  which  he  didn't  wear  safety  goggles.  The  patient  describes  the 
moment  of  injury  as  a  light  blow,  after  which  he  noticed  a  "dense  fog"  in  front  of  his  right  eye,  and  a  few  minutes  later  two 
vertical  dark  lines  in  the  central  visual  field.  The  same  day  he  was  admitted  to  hospital.  At  admission  visual  acuity  was  0.30. 

Examination  found  out  a  preretinal  cloudlike  opacity  in  vitreous.  A  large  hemorrhage,  surrounded  by  edema  was  present  in 
foveolar  region.  Other  segments  of  right  eye  appeared  normal.  Left  eye  had  normal  visual  acuity  and  no  pathological 
findings. 
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Photo.  1.  Fluorescein  angiography- patient  RS, 


Clinical  testing:  visual  field  (kinetic  perimeter  -  Goldmann)  of  the  right  eye  showed  absolute  central  scotoma  3^  in  diameter, 
with  the  surrounding,  ringlike  relative  scotoma.  (Fig.  1).  Amsler  net  of  the  right  eye:  absolute  central  scotoma  surroimded  by 
zone  of  extensive  metamorphopsia.  (Fig.  2). 

Fluorescein  angiography,  performed  two  weeks  after  the  injury,  showed  profound  perifoveolar  spotlike  fluorescence 
accompanied  with  dark  fovea  phenomenon  (Photo.  1).  Absence  of  primary  adaptation  was  noted  (Goldmann-Weekers 
adaptometer),  while  secondary  was  normal. 


Vitreous  opacity  has  withdrawn  during  treatment,  and  both  the  foveolar  hemorrhage  and  the  surroimding  edema  have 
disappeared.  A  scar  was  formed  which  presented  as  a  macular  hole. 


At  dismissal  from  the  hospital  visual  acuity  of  the  right  eye  was  0.08.  Patient  f  was  followed  for  several  years.  The  last 
control  examination  showed  visual  acuity  0.04.  The  foveolar  scar  is  completely  formed  with  the  central  hole  and  melanin  and 
lipofuscin  deposits  at  the  edge. 
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Fig.  2  Amsler  net  -  patient  RS. 


2.2.  Second  case 

M.A.  27  year  -  old  male,  member  of  the  army,  was  injured  during  combat  activities  while  using  ship  artillery  laser 
rangefinder.  The  injury  occurred  accidentally,  while  attempting  to  repair  malfunction.  At  the  moment  of  injury  he  felt  a  light 
blow  into  his  left  eye,  and  noticed  a  green  membrane  afterwards,  which  changed  into  black,  and  finally,  after  several  hours, 
into  a  red  spot.  He  was  admitted  to  hospital  9  days  after  the  injury.  Visual  acuity  of  the  left  eye  at  admission  was  0,30. 
Examination  showed  grayish  edema  with  centrally  positioned  spotlike  hemorrhage  of  macula  in  regression. 


Photo.  2  Fluorescein  angiography  -  patient  M.  A. 
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Clinical  testing:  visual  field  (kinetic  perimeter-Goldmann)  of  the  left  eye  showed  central  absolute  scotoma  2^  in  diameter 
(Fig.  3),  Amsler  net  showed  absolute  central  scotoma  with  the  surrounding  metamorphopsia  (Fig.  4).  Fluorescein 
angiography:  in  arterio  -  venous  phase  pimctate  fluorescence  in  the  injury  zone  could  be  noted.  During  venous  phase  those 
puncta  conflated  (Photo.  2).  Adaptometry  (Goldmann-Weekers)  showed  absence  of  primary  adaptation  ,  while  secondary 
retained  within  normal  values. 

At  the  beginning  of  the  second  week  visual  acuity  of  the  left  eye  was  reduced  to  0.10.  The  patient  was  followed  for  3  years. 
The  last  examination  showed  visual  acuity  0.06.  The  central  macular  scar  was  completely  formed  with  formation  of  foveolar 
microhole. 


Fig.  3  Visual  field  -  patient  M.  A. 
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Fig.  4  Amsler  net  -  patient  M.  A. 
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3.  DISCUSSION 


Accidental  eye  injuries  by  laser  beam  are  relatively  rare,  considering  widespread  use  of  laser  devices  in  almost  all  fields  of 
human  activity,  including  military  purposes.  Until  1985.  there  were  23  reports  on  laser  eye  injury  and  since  then  about  10 
more.  Only  five  of  those  were  injured  by  lasers  for  military  purposes,  mostly  rangefinders. 

Laser  beam  damages  retina  either  in  a  form  of  a  bum  (photocoagulators)  or  as  dismption  (pulse  or  Nd  YAG  lasers).  The  most 
common  injury  site  was  macula  which  was  presented  as  a  sudden  and  permanent  reduction  of  central  visual  acuity  under 
0.10. 

According  to  intensity,  injuries  could  be  graded  as  following: 

1.  retinal  edema, 

2.  retinal  necrosis, 

3.  subretinal  and/or  retinal  hemorrhage, 

4.  vitreal  hemorrhage  and/or  full  thickness  retinal  hole. 

Presented  patients  were  injured  by  laser  rangefinder  which  is  used  as  a  part  of  BOFI  system  to  measure  the  distance  between 
caimon  and  the  target.  The  main  principle  used  is  to  count  the  time  (t),  during  which  laser  beam  travels  to  target  and  back. 
The  system  then  automatically  calculates  distance  through  formula  D-ct/2,  where  “c”  stands  for  speed  of  light  in  atmosphere. 

Laser  type  is  Nd  YAG  with  wavelength  of  1.06  microns,  impulse  power  90  mJ,  impulse  width  20  ns  and  frequency  of 
repetition  of  10  Hz. 

Both  patients  were  injured  while  carelessly  operating  the  laser  device  without  safety  goggles.  Distance  from  beam  source  was 
less  than  1  meter  and  maximum  range  of  this  laser  is  20.000  m.  In  both  cases  injury  was  located  in  central  part  of  macula 
causing  fourth  degree  damage.  Injury  resulted  in  reduction  of  central  visual  acuity  to  0. 1,  absence  of  primary  light  adaptation, 
occurrence  of  metamorphopsia  and  central  absolute  scotoma. 

Isolated  cases  of  similar  injuries  were  reported. 

The  possibilities  of  treatment  and  protection  are  some  of  the  topics  initiated  by  this  type  of  injury;  Strictly  following 
instructions  for  use  and  wearing  safety  goggles  are  cornerstones  of  protection. 

Applied  therapy  (cycloplegics,  corticosteroids,  polivitamins...)  was  absolutely  inefficient. 

4.  CONCLUSION 

To  our  knowledge,  this  is  the  first  paper  presenting  more  than  one  patient  injured  by  militaiy  laser  device. 

Injuries  occurred  solely  from  careless  use  and  lack  of  protective  gear. 

There  is  no  evidence  that  any  form  of  therapy  can  be  beneficial.  The  best  and  so  far  the  only  way  to  deal  with  this  type  of 
injury  is  prevention:  insisting  on  strictly  obeying  instructions  for  use  and  weanng  safety  goggles. 
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ABSTRACT 

We  evaluated  retinal  morphologic  and  visual  functional  changes  in  two  individuals  accidentally 
exposed  to  argon  laser  “flashback”  from  an  incorrectly  placed  laser  protective  filter  while  viewing  a 
routine  argon  laser  trabeculoplasty.  These  exposures,  measured  in  the  absence  of  a  patient’s  eye,  are  in 
the  region  of  the  maximal  permissible  exposure  (MPE).  The  patients  were  followed  with  serial  visual 
function  testing,  scanning  laser  ophthalmoscopy  (CSLO)  and  chromatic  contrast  sensitivity.  The  first 
individual  received  54  monocular  exposures.  Acute  examination  revealed  inferior  and  central  Amsler 
grid  abnormalities.  These  distortions  matched  the  CSLO  evidence  of  pigmentary  changes  in  the 
corresponding  retinal  field.  Initial  contrast  sensitivity  showed  high  spatial  frequency  loss  which 
increased  during  the  ensuing  1.5  months.  Chromatic  contrast  sensitivity  revealed  high  spatial  frequency 
loss  for  long  wavelength  test  targets  (“yellow”)  and  broad  spatial  frequency  loss  with  short  wavelength 
targets  (“blue”).  The  second  individual  received  fewer  exposures  (4-6)  bilaterally.  Both  eyes  showed 
foveal  morphologic  alterations  with  non-selective  changes  in  Moreland  anomaloscopic  matches, 
indicative  of  macula  edema.  We  have  shovm  a  correlation  between  ophthalmoscopic  and  functional 
measures  of  spatial  vision.  Progressive  loss  in  contrast  sensitivity  and  spatial  chromatic  functional  loss 
were  associated  with  the  more  severe  exposure  while  minimal  changes  were  observed  with  fewer 
exposures. 

Keywords:  laser,  repetitive  exposure,  human,  contrast  sensitivity  deficit,  nerve  fiber  layer,  scanning 
laser  ophthalmoscopy. 


1.  INTRODUCTION 

Human  laser  accidents  have  generally  involved  single  acute  exposures.  Repeated  exposure  human  laser 
accidents  are  relatively  more  rare.  Concern  has  been  raised  regarding  retinal  injury  from  chronic 
repeated  laser  exposures  in  the  routine  use  of  ophthalmic  lasers.*  Previous  work  has  demonstrated  that 
multiple  exposures  at  suprathreshold  doses  may  result  in  severe  morphologic  alterations  with  both 
intraretinal  and  epiretinal  scar  formation  and  subsequent  retinal  hole  formation,  retinal  fractional 
changes,  and  detachment.^  Hmnan  laser  accident  cases  with  multiple  foveal  exposures  have  also  been 
shown  to  affect  both  static  and  dynamic  contrast  sensitivity  peaks.^  Investigations  into  the  morphologic 
and  functional  effects  of  repeated  laser  exposures  at  lower  or  non-thermal  levels  are  lacking. 

Single  or  more  recently  bilateral  exposure  effects  at  doses  that  produced  no  visible  damage  yet 
produced  secondary  effects  have  been  documented.  Non-human  primate  investigations  have 
demonstrated  the  possibility  of  such  effects.^  Rhoades  showed  a  discrete  bullseye  maculopathy  which 
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developed  after  (time)  that  was  associated  with  repeated  Q-switched  exposure  at  levels  between  the 
MPE  and  ED50  for  bum  in  an  animal  model.''  This  maculopathy  appeared  prominently  as  a  circular 
area  of  window  defects  during  fluorescien  angiography.  These  animals  showed  no  change  in  the  visual 
acuity  measurements  performed  and  further  functional  testing  was  not  performed.  Lower  level  laser 
exposure  work  showed  prolonged  functional  effects  with  spectral  sensitivity  measurements.^’^ 
Measurements  of  contrast  sensitivity  have  required  repeated  Q-switched  exposure  to  affect  achromatic 
acuity  and  contrast  sensitivity  measures  to  any  permanent  degree.  Morphological  change  has  always 
been  apparent  first  in  these  kinds  of  studies. 

Prolonged,  or  repeated  exposure  effects  represent  an  area  of  environmental  laser  impact  that  at  present 
has  not  been  well  investigated.  Early  work  on  threshold  effects  in  non-human  primates  suggests  that 
repeated  effects  may  induce  lower  thresholds.  Prolonged  repeated  exposure  to  non-human  primates 
demonstrated  significant  loss  in  visual  spectral  sensitivity.^’^  Recent  investigations  in  Q-switched 
pulses''  demonstrated  altered  macular  regions  even  though  exposures  were  below  threshold  damage 
levels.  Animal  investigations  have  long  suggested  that  prolonged  exposure  to  both  coherent  and 
incoherent  light  can  cause  photoreceptor  and  morphologic  alterations,  as  opposed  to  others,  who  have 
proposed  that  these  low-level,  non-thermal  induced  changes  are  resident  in  the  melanin  of  the  Retinal 
Pigment  Epithelial  cells.  The  possibility  of  such  effects  in  humans  has  most  recently  been  described  by 
measurement  of  visual  functional  changes  in  ophthalmologists  where  chronic  repeated  low  level 
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exposure  to  clinical  Argon  laser  photocoagulators  may  have  induced  such  changes. 

In  the  present  report  we  have  examined  two  ophthalmic  technicians  who  were  accidentally  exposed  to 
multiple  pulses  from  an  incorrectly  placed  laser  filter  device  while  viewing  argon  laser  trabeculoplasty. 
We  have  documented  their  progressive  morphologic  and  functional  changes  following  exposure. 

2.  Methods 


Two  unique  cases  of  repeated  accidental  laser  exposure  occurred  while  two  separate  individuals  were 
observing  a  routine  argon  laser  trabeculoplasty  (ALT)  procedure  as  part  of  an  ophthalmic  introductory 
training  program.  The  laser  observation  tube  had  been  incorrectly  placed  in  front  of  the  laser  filter 
allowing  the  observer  tube  to  receive  unfiltered  laser  energy  as  “flashback”  energy  from  the  procedure. 
These  exposures,  measured  in  the  absence  of  a  patient’s  eye,  are  in  the  region  of  the  maximal 
permissible  exposure  (MPE).  The  first  individual  received  54  monocular  exposures.  The  second 
individual  received  fewer  exposures  (4-6)  bilaterally. 

Both  individuals  were  evaluated  for  visual  field  changes  using  Amsler  Grid  and  Humphrey  visual 
fields.  Color  vision  was  assessed  with  both  the  Farnsworth  100  hue  and  Raleigh  and  Moreland 
anomaloscopic  matches.  Contrast  sensitivity  was  measured  for  sinewavegratings  as  well  as  Landolt  ring 
test  targets.  Chromatic  contrast  sensitivity  was  measured  against  a  “blue”  or  a  “yellow”  background. 
The  luminance  of  the  “yellow”  background  [1.83E-3  Iu/(cm2*ster)]  was  approximately  1  log  unit 
higher  than  that  of  the  “blue”  background  [2.64E-4  Iu/(cm2*ster)].  Contrast  sensitivity  was  measured  in 
the  presence  of  each  chromatic  background  for  landolt  ring  targets  varying  in  spatial  frequency  from  0.5 
to  20  cycles  per  degree.  All  test  targets  were  of  the  identical  chromatic  makeup  as  the  backround  used 
(i.e.  “yellow”  landolt  rings  on  a  “yellow’  background).  Serial  confocal  Scanning  Laser 
Ophthalmoscopy  images  of  the  macular  morphologic  changes  were  obtained. 
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3.  RESULTS 


Figure  1.  Acute  CSLO  picture  and  Amsler  Grid  recording  from  Case  1 


SLO  Confocal  Image  Amsler  Recording  Chart 
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this  eye.  An  area  of  punctate  pigmentary  disturbance  was  observed  in  the  superior  and  nasal  regions  of 

the  macular  pigment  accompanied  by  inferior  and  central  Amsler  grid  abnormalities  with  mild  grid 

distortion.  Snellen  visual  acuity  measured  20/30  acutely  but  subsequently  recovered  to  20/20  after  one 

week. 
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Clinical  examination,  performed  acutely  by  an  experienced  vitreoretinal  surgeon,  both  with  the  90 

diopter  and  direct  macular  contact  lens  biomicroscopy  utilizing  white,  red-free,  and  cobalt  blue  light 

failed  to  reveal  any  morphologic  foveo-macular  alterations.  Detection  of  acute  and  chronic 

ophthalmoscopic  alterations  were  only  possible  with  CSLO  examinations.  These  were  initially  only 

observable  in  the  inner 

retinal  layers  with  the  488 

nm  imaging  source, 

suggesting  disturbance  in 

the  macula  luteal  pigment 

itself.  Over  an 

approximate  3  month  time 

frame  (87  days  post 

exposure),  CSLO  imaging 

of  the  affected  area 

appeared  more  profound 

and  could  be  imaged  in 

the  outer  retinal  and 

retinal  pigment  epithelial 

layers  with  the  near  IR 

CSLO  diode  laser 

source(Figure  2).  Near  IR 

examination  revealed 

^  1  increased  reflectance  in 

Figure  3.  Smewavegrating  target  contrast  sensitivity  case  1. 

the  previously  affected 

supra  foveo-macular  area  as  well  as  a  new  demarcated  area  of  reflectance  in  the  superior-nasal  macular 
region  suggesting  subsequent  nerve  fiber  layer  involvement. 


Contrast  Sensitivity  Measured  with  *'  Yellow  and  Blue”  Background 
for  Normal  Observer  VS  Cumulative  Laser  Accident  Case 


During  this  time  contrast 
sensitivity  measured  with 
sinewave  grating  targets 
(Figure  3)  showed  a 
selective  loss  of  high  to 
mid-spatial  frequency 
sensitivity.  This  selective 
loss  of  the  higher  spatial 
frequencies  was  followed 
over  time  and  revealed 
progressive  loss  in  those 
involved  frequencies. 
These  changes  appeared 
to  stabilize  in  the  higher 
spatial  frequencies  after 
22  days  post  exposure  but 
still  showed  some 
variability  in  the  mid- 
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spatial  frequencies.  There  were  no  observed  changes  in  the  sinewave  grating  contrast  sensitivity  in  the 
unexposed  contralateral  eye.  In  case  2  the  sinewave  grating  contrast  sensitivity  remained  stable. 
Chromatic  contrast  sensitivity  made  in  case  1  measurements  made  at  2  to  3  months  post  exposure 
showed  significant  loss  relative  to  normal  subjects  measured  under  comparable  conditions  (Figure  4). 
Landolt  contrast  sensitivity  measured  against  a  uniform  gray  background  was  uniformly  suppressed 
across  all  spatial  frequencies.  For  normal  observers  tested  against  a  yellow  background  the  peak 
sensitivity  shifts  from  3  to  6  cycles/degree.  This  is  contrasted  by  the  patient’s  suppression  curve  in 
which  the  presence  of  the  yellow  background  more  severely  affects  the  mid  and  high  spatial 
frequencies,  indicating  a  possible  selective  spectral  laser  effect  in  the  long  wavelength  cones.  This  was 
contrasted  by  a  relative  lack  of  observed  effect  (relative  to  normals)  when  a  blue  background  was  used. 
Unlike  the  yellow,  the  blue  background  produces  further  suppression  of  the  contrast  sensitivity  function 
but  is  relatively  uniform  across  the  spatial  frequencies  relative  to  the  gray  background.  This  is  in  the 
presence  of  lower  overall  luminance  (dimmer)  than  either  yellow  or  gray  backgrounds.  This  suggests  a 
non  spatial  chromatic  interaction  for  the  blue  background  in  both  the  normal  and  the  laser  accident  case. 
However,  the  lower  sensitivity  of  the  laser  accident  case  relative  to  the  normal  for  the  blue  background 
may  indicate  blue  cone  system  loss  independent  of  selective  spatial  frequency  laser  effect. 


22  Days  Post 


87  Days  Post 


The  Humphrey  visual  field 
(HVF  10-2)  testing  showed 
inferior  field  loss  of 
sensitivity  in  the  superior 
and  nasal  macular  retinal 
region.  (Figure  5)  These 
changes,  noted  as  early  as 
14  days  after  the  exposure, 
were  consistent  and 
essentially  non-progressive 
over  the  3  months  of 
observation.  This  early  loss 
in  the  visual  field  confirms 
the  early  SLO  observed 
alterations  in  the  macular 
pigment  and  finding  of 
mild  grid  distortion  and 
partial  scotoma  noted  in  the 
Amsler  grid  evaluations. 
The  persistence  of  the 

visual  field  deficits  supports  the  functional  visual  loss  also  suggested  by  the  loss  of  contrast  sensitivity. 


Figure  5.  Serial  Humphrey  visual  fields  (10-2)  case  1. 


The  second  individual,  receiving  fewer  exposures  (4-6  )  bilaterally,  was  noted  to  have  bilateral  mild 
foveal  morphologic  changes  in  the  488  nm  CSLO.  Acute  functional  testing  was  normal  (visual  acuity, 
contract  sensitivity)  except  for  a  vertical  shift  in  the  Moreland  match  indicating  macular  edema.  This 
vertical  shift  in  the  Moreland  match  subsequently  developed  in  the  other  eye  at  two  weeks.  The  patient 
was  asymptomatic  and  elected  no  further  evaluations  after  that  time. 
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4.  Discussion 


This  report  correlates  progressive  focal  morphologic  and  selective  functional  changes  for  repetitive 
non-thermal  laser  exposures  in  two  humans.  Findings  both  morphologic  and  functional  selectively 
progressed  over  the  period  of  observation  in  case  1 .  Case  2  who  received  only  several  pulses  bilaterally 
showed  some  change  in  the  Moreland  match  that  appeared  to  change  over  time  as  well.  All  tests 
correlated  -with  other  tests  (convergent  validity).  Conventional  clinical  ophthalmologic  examination 
techniques  failed  to  identify  these  morphologic  changes.  Identification  of  the  morphologic  retinal 
changes  was  possible  with  the  employment  of  spatial,  confocal  imaging  techniques  (CSLO).  Layer 
specific  involvement  of  the  inner  retinal  (macular  pigment)  layer  was  present  and  this  finding  was 
maintained  through  out  the  period  of  observation.  Later  changes  compatible  with  progressive  changes 
in  the  nerve  fiber  layer  were  observed. 

Differential,  progressive,  and  selective  loss  in  the  higher  spatial  frequencies  was  noted  without  shifts  in 
the  peak  sensitivity  in  the  yellow  (long  wavelength  cones)  versus  blue  (short  wavelength  cones) 
background  contrast  sensitivity  functions.  The  selective  nature  of  the  observed  progressive  functional 
changes  in  these  repetitive  non-thermal  human  exposures  are  similar  in  nature  to  previously  reported 
non-human  primate  repetitive  non-thermal  exposure  experiments  performed  at  this  institution. Earlier 
work  in  diabetic  clinical  photocoagulation  showed  tritan  defects  that  were  presumed  to  be  due  not  to  the 
direct  thermal  effects  but  rather  due  to  the  non-thermal  exposure  associated  with  coherent  scatter  within 
the  media  during  treatments.”  The  selectivity  of  the  observed  findings  reflect  the  ascertainment  that 
only  specific  layers  of  the  retina  appear  to  be  involved  in  this  type  of  injury.  These  progressive  finding 
are  consistent  with  a  slow  mechanism  evolving  over  time  following  repetitive  exposures.  This  slow 
mechanism  may  relate  to  subsequent  nerve  fiber  layer  loss  in  the  papillomacular  bundle  reflecting 
changes  in  the  long  wavelength  cone  system. 

These  morphologic  and  functional  findings  suggest  that  damage  due  to  repetitive  and  cumulative  laser 
exposures  at  non-thermal  levels  may  be  present  but  not  suspected  or  detected  if  conventional  clinical 
examination  techniques  are  used.  Compete  evaluations  of  suspected  cases  of  repetitive  and  non-thermal 
laser  injuries  should  employ  specific  spectral  confocal  imaging  techniques  and  chromatic,  spatial- 
selective  visual  function  testing.  Concerns  for  similar  changes  following  repetitive  environmental  or 
occupational  laser  exposures’’^  and  subsequent  progressive,  cumulative  changes  in  long  wavelength 
cone  system,  nerve  fiber  layer,  and  papillomacular  bundle  are  credible. 
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ABSTRACT 

The  dose-response  relationship  for  producing  different  grades  of  bums  on  skin  produced  by  single  Er-glass 
laser  pulse(^=1540  nm)  were  determined  for  energy  densities  within  the  range  0.5-35  J/cm^  and  pulse  duration  100 
ns  and  2.5  ms.  The  persistent  lesions  on  skin  were  subdivided  into  four  morphologicaUy  different  groups  vs.  radiant 
exposxjre  of  laser  pulses.  Histological  investigation  were  made  at  1-  and  3-  days  post-exposure.  Different  methods 
of  tissue  prqparation  wa“e  tried  to  obtain  better  contrast  of  laser  induced  changes  in  skin  tissue.  At  the  1-day  post¬ 
exposure  we  observed  on  the  histological  samples  coagulation  of  surface  tissue,  epidermis  and  dermis  of  skin 
depending  on  radiant  exposure.  3-days  histological  samples  revealed  tearing  of  tissue  detrit  and  active  epitalization 
of  damaged  tissue. 

Keywords:  Medical  appUcations  of  lasers,  Er-glass  laser,  laser  damage  of  skin. 

1.  INTRODUCTION 

This  work  was  a  development  of  investigation  on  laser  safety  for  skin  using  1540  nm  laser  radiation^.  The 
goal  was  to  classify  super-threshold  modifications  on  skin  such  as  surface  damage,  coagulation  and  ablation  and 
estimate  their  possible  medical  apphcations. 

Since  Er-glass  laser  systems  were  oriented  for  mihtary  apphcations(range  finders,  laser  radars,  etc.)  and 
had  not  been  wideused  in  medical  practice,  it  was  very  httle  ioformation  on  its  medical  apphcations  and  especially 
for  skin  treatment.  The  absorption  coefficient  of  water-contained  tissue(comea,  skin  ,etc.)  at  1540  nm  (  a=10  cm-^) 
is  in  between  to  that  of  at  1064  nm  of  Nd-laser(a=  0.4  cm-^)  and  2120  nm  of  Ho-laser(a=40  cm-^.  There  are  many 
works  have  been  pubhshed  so  far  on  medical  apphcations  of  Nd  and  Ho  lasers.  Intermediate  tissue  absorption  at 
1540  nm  could  be  interesting  for  optimization  of  different  skin  modification  made  with  Nd  and  Ho  lasers.  As  a 
result  of  considerable  progress  in  laser  and  crystal  growth  technologies  Er-glass  laser  system  both  with  flash  lamp 
and  diode  pumping  could  be  developed  for  medhcal  apphcations. 

The  research  reported  was  undertaken  to  receive  experimental  data  on  super-threshold  interaction  of  1540 
nm  laser  radiation  of  an  Er  glass  laser  with  skin  in  the  wide  range  of  laser  energy  fluences  and  pulse  duration. 

2.  METHODS 

2.1  Laser  System 

In  experiments  we  used  1540  nm  Erbium-glass  laser  radiation  in  a  wide  range  of  energy  densities  and  pulse 
duration  produced  by  an  original  laser  system  operating  in  both  free-running  and  Q-switched  regimes.  The  basic 
optical  setup  is  presented  in  Fig. la. 

The  active  rods  of  the  laser  were  made  of  Er-activated  phosphate-based  glass  which  was  designed  and 
produced  in  General  Physics  Institute^.  In  order  to  enhance  its  efficiency  under  flashlamp  pump  operation  the  glass 
was  co-doped  by  chromium  and  ytterbium  ions.  The  rods  tised  in  the  laser  system  had  diameter  of  6-7  ram,  length 
85-90  mm  and  AR  coatings  of  both  ends.  The  single-lamp  pump  cavity  had  narrow  (1-1.5  mm)  channels  for  water 
cooling  of  Xe  flashlamp  and  glass  rod.  Narrow  channels  are  required  to  reduce  pump  radiation  absorption  by 
water  in  the  spectral  band  of  ytterbium  absorption  (0.85  -  1 .05  micrometers).  This  pecuharity  of  laser  cavity  design 
has  made  it  possible  to  avoid  cooling  of  the  laser  head  by  deuterised  water  and  thus  to  reduce  the  cost  of  the  laser 
system. 


In  the  free-running  regime  the  laser  head  was  supphed  with  a  flat  65%  reflectivity  output  mirror.  The 
output  energy  reached  6-8  J  in  multimode  and  the  plug  efficiency  -1.5-2%.  The  pulse  duration  was  about  3  ms. 
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Fig.  1 .  Experimental  optical  setup.  HR-high  reflecting  mirror,  OC-output  coupler  (a  mirror  for  free 

running  and  FTIR  modulator  for  Q-switching),  FED-  pyroelectric  detector,  PM-power  meter,  E 
electrodes. 


To  obtain  Q-switched  regime  the  laser  output  mirror  was  substituted  by  a  frustrated  total  intanal 
reflection  (FTIR)  optical  shutter  in  combination  with  two  highly  reflecting  at  1.54  micrometers  flat  mirrors^ 
(Fig.  lb).  This  kind  of  shutters  has  been  chosm  due  to  its  high  optical  damage  threshold,  low  insertion  losses  in 
combination  with  low  (  100  V)  driving  voltage  and  insensitivity  to  laser  beam  polarization  state.  Our  shutter 
consisted  of  a  pair  of  truncated  fused  sihca  pyramids  having  a  rigid  connection  with  each  other.  The  gap  of  about 
0.5  micrometer  wide  between  the  pyramids  can  be  rapidly  collapsed  to  zero  with  the  help  of  two  piezoelectric  cells 
moxmted  on  the  truncated  facets  of  each  pyramid.  The  output  energy  of  Q-switched  laser  reached  0.5  J  in 
multimode  beam  and  pulse  duration  was  about  100  ns.  In  experiments  laser  output  parameters  was  monitored  by 
pyroelectric  detector  PED(pulse  duration)  and  by  power  meter  PM  (output  energy)(Fig.l). 

A  tilted  lens  L  is  used  to  compensate  non-uniformity  of  the  pump  and  thermo-induced  lens  and 
astigmatisms  in  the  laser  rod.  The  density  of  the  laser  radiation  on  the  target  can  be  varied  with  the  help  of  either 
pump  variations  or  neutral  filters,  and  also  by  changing  the  size  of  illuminated  spot  by  varying  the  optical  power  of 
the  focusing  lens.  The  aiming  and  focusing  of  the  laser  beam  on  the  target  was  made  with  the  help  of  a  pilot  He  - 
Ne  lasor  beam  coaxial  with  the  Er-glass  one.  The  beam  shape  on  the  object  plane  was  round  with  diameter  2-10 
mm  for  lEree  running  and  2-4.5  mm  for  Q-switched  modes.  The  corresponding  maximum  energy  fluence  was  up  to 

35J/cm“  for  free  running  and  20  J/cm^  for  Q-switch  modes. 

2.2  Animals 

In  experiments  we  used  white  domestic  pigs  free  of  visible  pigmentation.  Pigs  were  selected  because  of 
histological  resemblance  of  their  skin  to  that  of  man.  The  pigs  were  1 .2-2  months  old  and  weighted  8-16  kg. 

One  day  before  the  experiment  the  bristle  on  the  animal's  back  and  sides  was  removed  with  hand  chppers 
and  then  shaved.  No  visible  skin  reaction(reddeniQg,  cuts,  etc.)  was  observed  on  the  skin  at  the  time  of  experiments 
because  of  hair  removing.  The  depilated  area  was  divided  into  a  grid  of  squares  about  15x15  mm  in  size.  A  side  of 
the  animal  could  have  up  to  90  cells. During  experiments  we  did  not  used  any  anesthetic  agents,  since  we  assumed 
possible  influence  of  anesthesia  to  the  skin  reaction. 

2.3  Experimental  procedure 

The  main  ta^  of  the  study  was  determination  of  lesion  threshold  and  supra  threshold  effects  on  animal 
skin  made  during  single  pulse  exposures  and  histological  investigation  of  the  damaged  skin.  The  study  included 
investigation  both  with  free  running  and  Q-switched  laser  pxilses. 

The  experimental  set  was  started  up  with  preliminary  estimation  of  the  ranges  and  values  of  dose  which 
produce  visible  lesions.  We  started  with  maximum  energy  fluence  detennined  by  laser  output  parameters  and  then 
decreased  the  dose  by  step  of  0.5-1  J/cm^  .  Five  cells  on  the  animals  were  exposed  by  the  pulses  with  the  same  dose. 

The  skin  reaction  data  was  obtained  by  visual  examination  the  areas  exposed  at  several  minutes,  one-hour 
and  at  24  hours  post  exposure.  In  general,  the  one-minute  reaction  at  a  given  radiant  exposure  level  served  as  a 
guide  in  determining  whether  increased  radiant  exposure  levels  should  be  given.  In  general,  a  very  mild 
erythematous  reaction  at  one-minutes  will  probably  fade  at  one-hour.  This  level  would  represent  the  lowest  level  to 
be  used.  A  definite  well  demarcated  erythematous  reaction  on  the  skin  at  one-minutes  will  probably  be  present  at 
one-hour  examination. 

At  one-hour  post  exposure,  each  area  exposed  was  again  visually  controlled  and  photographed.  The 
number  of  "reactions"  (this  could  be  erythema,  papules,  blanching,  etc.)  were  determined  at  each  exposure  level. 
The  bums  were  categorized  independently  by  two  investigators.  A  similar  examination  and  photographs  were  done 
at  24  hours  post -exposure.  Experimental  data  were  processed  by  the  probit  method  of  Litchfield  and  Wilcoxon^. 
This  data,  expressed  as  a  percentage  of  the  reactions  observed  at  each  exposure  level,  was  plotted  on  probabihty 
scale  and  the  radiant  exposure  at  the  50  percent  probabihty  level  was  taken  as  the  ED50  level. 

In  the  subsequent  experimental  sets  probabihty  of  specific  skin  response  in  the  range  of  transient  reaction 
was  determined  more  accurately.  To  do  this  we  exposed  up  to  ten  cehs  with  the  same  fluence  close  to  threshold 
range  in  order  to  have  more  accurate  statistical  data.  To  obtain  tmly  data  and  estimate  deviation  of  individual 
reaction  we  conducted  expocimental  set  on  three  animals  and  then  the  results  were  averaged. 
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3.  RESULTS 


3.1  Morphology 

Clinical  analysis  of  the  skin  damaged  by  1540  nm  laser  radiation  showed  that  laser  radiation  produced 
lesions  of  different  grades  of  heaviness.  We  classified  observable  skin  reaction  into  following  five  types,  assuming 
that  at  minimum  persistent  lesions  (no.  2, 3)  only  superficial  epithelium  structures  of  skin  are  damaged  in  the  most  of 
the  cases. 

1.  Diffusive,  transient  erythema  that  appeared  within  a  minute  post  exposure  and  usually  extended  beyond  the 
limits  of  exposed  area.  Within  several  or  dozen  minutes(<  1  hour)  the  diffusive  reddening  decreased  in  size 
disappeared  entirely.  This  was  the  functional  reaction  of  blood  vessels  to  laser  action, 

2.  The  persistent  lesion(erythema)  of  round  flat  form(which  does  not  come  over  the  surface  of  the  skin)  and  red 
color.  Its  size  corresponded  to  the  size  of  laser  beam. 

3.  Erythema  as  described  in  the  previous  grade  with  infiltration(inflation).  The  nidus  protruded  over  uninjured 
skin. 

4.  Coagulation  of  subepiderraal  layers  of  dermis.  The  round  almost  flat  nidus  of  white  color  with  the  very  thin  red 
circle  of  inflammation. 

5.  Coagulation  of  deeper  layers  of  dermis.  The  round  nidus  of  white  color  with  strong  protruded  inflammation. 

In  the  first  set  of  experiments(Free  running,  t=2.5  ms,  the  spot  size  diameter  5.5  mm)  the  radiant  exposure 
ranged  from  1,1  J/cm^to  23  J/cm^. 

ED50  at  1  hour  post  exposure  was  found  to  be  5.7+ 1.2  J/cm^.  282  bums  were  processed.  ED50  at  24  hour 
post  exposure  6.5  J/cm^. 

The  skin  reaction  No.  3(erythema  with  inflation)  started  at  8  J/cm^. 

The  skin  reaction  No. 4  (flat  coagulation)  -  13  J/cm^. 

Coagulation  of  dermis  -  22  J/cm^. 

In  the  second  set  of  experiments(Q-switch,  t=100  ns,  the  spotsize  diameter  2.5-3.5  mm)  the  radiant 
exposure  ranged  from  1 .7  J/cm^  to  16  J/cm^.  ED50  at  1  hour  post  exposure  for  persistent  erythema  was  found  to  be 
3.0+1 . 1  J/cm2.  266  bums  was  processed.  ED50  at  24  hour  post  exposure  3.5  J/cm^  . 

We  did  not  clearly  distinguish  bums  described  in  the  No. 3  of  skin  reaction. 

The  flat  coagulation  was  at  9  J/cm^. 

An  example  of  skin  damages  is  shown  in  the  Fig.3.  The  deviation  of  individual  sensitivity  of  animals  and 
skin  at  different  places  (back,  belly)  in  the  both  sets  was  within  15  %  of  obtained  data.. 

3.2.  Histology 

Histological  investigation  was  conducted  at  1-  and  3 -days  post -exposure.  Different  methods  of  tissue 
preparation  and  coloring  was  used.  Classification  of  damage  grades  was  done  not  only  by  estimation  of  deepness 
of  the  damage  but  also  by  the  state  of  subepithelium  blood  vessels  net. 

Histological  study  at  1 -day  post  exposure  generally  confirmed  our  classification  of  damaged  skin.  Analysis 
of  histological  samples  at  3-days  PE  revealed  fast  epitalization  of  the  damaged  area.  In  the  case  of  bums  of  III- 
degree(No.4  in  skin  reaction  classification)  it  was  found  that  new  epithehum  intruded  from  adjacent  undamaged 
skin  underneath  the  area  of  necrosis(  showed  by  arrow  in  Fig.4b).  We  observed  that  epitalization  developed  not 
only  from  surface  vicinity  but  also  from  inside,  out  of  hear  matrix.  Thus  hair-skin  showed  fast  regeneration  of 
damage. 


4.  DISCUSSION 

The  skin  response  resulting  from  exposure  at  1540  nm  is  considered  to  be  a  result  of  temperature  elevation 
of  the  tissue.  The  clinical  description  of  skin  bums  at  1540  nm  is  fairly  coincides  with  that  of  at  10.6  pm  of  CO2 
laser^’^’^.  Histolological  investigation  also  showed  that  morphological  changes  of  skin  exposed  to  1540  nm  laser 
radiation  is  similar  to  that  of  contact  bum  and  exposure  to  10.6  pm  radiation.  The  geometry  of  the  experiment  and 
estimation  of  the  cooling  of  the  exposed  volume  suggests  weak  influence  of  heat  dissipation  in  our  experiments, 
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Fig.2  .  A  view  of  skin  lesions  caused  by  free  running  radiation  of  Er- glass 
laser,  a  -  5  minutes  post-exposure  (PE),  b  -  1  hour  PE,  C  -  24  h  PE. 
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Fig. 3.  Histological  cuts  of  the  damaged  skin,  a-  24  hours  post  exposure,  b-  72  h  PE 


especially  for  short  pulses  (<  I  ps)  (Fig.  4).  The  penetration  depth  h  of  laser  hght  at  1540  nm  to  water  is  about  1 
nina(the  absorption  coefficient  a  «  10  cm"^  in  the  first  approximation  we  consider  that  true  for  the  skin  too.  The 
smallest  laser  beam  diameter  on  skin  was  2  mm  and  the  largest  10  mm  (long  pulses:  free  running).  Characteristic 
cooling  time  of  the  layer  thickness  h  could  be  estimated  from  formula  /z  «  (j  ?  where  thermal  diffusivity 
of  water  (;t"  ~  b4  10'^  cm^/s).  For  water  layer  1  mm  thick  which  is  equal  to  penetration  of  laser  light  into  water  is 
equal  10  sec  .  The  cooling  time  is  much  longer  than  pulse  duration  for  both  laser  pulses(100  ns  and  2  ms),  only  in 
the  latter  case  some  weak  heat  dissipation  could  be  considered.  If  again  to  use  water  substance  as  a  model  for  our 

experiment,  the  equivalmt  temperature  rise  AT  —  E/(ShCp)  is  8^  C  for  short  and  15°  C  for  long  pulses  at 
ED50  dose;  20^0  and  34^0  respectively  for  coagulation.  (£/  -  laser  energy,  S  -  laser  beam  cross  section,  ~ 
specific  heat,  =  4.2  J/(Kcm^)).  Thus,  the  absolute  temperature  of  the  animal  skin  is  higher  than  42-43^  C  which 
is  close  to  the  temperature  of  protein  denaturation.  The  greater  value  of  ED50  for  longer  pulses  we  explained  by 
the  influence  of  heat  dissipation  during  the  laser  pulse. 

5.  CONCLUSIONS 

In  this  study  we  experimentally  determined  reaction  of  porcine  skin(zn  vivo)  to  exposure  by  1540  nm 
radiation  of  Er-glass  laser.  The  persistent  lesion  of  the  skin  in  the  range  up  to  35  J/cm^  was  classified.  The  ED50 
value  for  minimal  lesion  was  found  to  be  5.7  J/cm^for  milhsecond  and  3.0  J/cm^  for  nanosecond  laser  pulses.  The 
skin  coagulation  starts  at  13  J/cm^  for  milhsecond  and  9  J/cm^  for  nanosecond  pulses. 

Histological  investigation  generally  confirmed  our  classification  of  skin  bums  by  1540  nm  radiation  and 
proved  thermal  mechanism  as  the  main  of  skin  damage.  It  was  found  fast  epitahzation  of  damaged  skin.  The 
results  of  this  work  might  be  used  for  possible  appUcations  of  1540  nm  radiation  for  surface  skin 
operations(cosmetic  surgery). 
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ABSTRACT 


We  have  used  confocal  scanning  laser  ophthalmoscopy  (CSLO)  to  evaluate  acute  laser  retinal 
injury  in  a  small  eye  animal  model.  The  snake  eye  is  optically  unique,  combining  a  high 
numerical  aperture  with  a  clear  ocular  media  and  a  cornea  covered  with  a  hard  dry  spectacle. 
These  optical  qualities  allow  detailed  resolution  of  photoreceptors,  retinal  nerve  fiber,  and 
retinal  capillary  blood  cells  in  an  intact  vertebrate  eye.  We  demonstrated  that  acute  laser 
exposures  capable  of  damaging  the  photoreceptor  matrix  may  also  alter  blood  flow  at  more 
anterior  levels  of  the  retina.  Changes  in  photoreceptor  density  and  orientation  were  indicated 
in  the  early  post  exposure  seconds  at  high  dose  acute  Argon  laser  exposures.  An  increase  in 
photoreceptor  reflectivity  was  observed  in  surviving  photoreceptors  and  was  enhanced  with  a 
near  IR  CSLO  imaging  source.  Q-switched  exposure  failed  to  show  this  enhancement, 
possibly  because  of  greater  subchoroidal  involvement  associated  with  acoustic  damage 
processes. 

Keywords:  laser,  numerical  aperture,  small  eye  optics,  confocal  ophthalmoscopy, 
photoreceptors,  blood  toxicity. 


1.  INTRODUCTION 


Numerous  investigations  have  demonstrated  significant  damage  to  photoreceptors  induced  by 
laser  exposure.’’  Acute  human  laser  injuries  that  are  definable  by  laser  exposure  generally 
involve  penetration  of  the  entire  retina  including  subretinal  choroidal  vasculature.^ 
Hemorrhage,  retinal  scar  formation,  and  retinal  nerve  fiber  layer  damage  are  often  associated 
with  high  dose  acute  laser  injuries.  Lower  level  exposures  may  be  restricted  to  photoreceptor 
alteration  or  damage  in  the  absence  of  injury  to  other  layers.  Recent  evidence  supports 
involvement  of  the  vascular  retinal  network  in  mediating  inflammatory  products  released  by 
acute  laser  injury.®  While  the  damage  process  may  involve  complex  biochemical  events 
leading  to  cell  death,  data  suggest  that  reorganization  of  the  photoreceptor  matrix  may  play  an 
important  role  in  visual  function  recovery  from  acute  laser  exposure."* 

For  these  reasons,  we  have  employed  a  unique  combination  of  imaging  technology  and 
animal  model  selection  to  clearly  image  the  photoreceptor  matrix  in  vivo.  We  have  used 
confocal  scanning  laser  ophthalmoscopy  (CSLO)  to  evaluate  acute  laser  injury  to  the  retina  in 
a  small  eye  animal  model.  The  snake  eye  is  optically  unique,  combining  a  high  numerical 
aperture  with  a  clear  ocular  media  and  a  cornea  covered  with  a  hard  dry  spectacle.  These 
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optical  qualities  allow  detailed  resolution  of  photoreceptors,  retinal  nerve  fiber  layer,  and  retinal 
capillary  blood  cells  in  an  intact  vertebrate  eye. 

2.  METHODS 


Figure  1a.  CSLO  image  of  Checkered  Garter  snake 


retina  showing  large,  7-9|j,  and  small  cones  2-4fj,. 


Images  of  the  Checkered  Garter  snake 
{Thamnophis  m.  marcianus),  the  Great 
Plains  Rat  Snake  {Elaphe  guttata 
emoryi)  and  the  Western  Coachwhip 
{Mastcophis  flagellum  testaceous) 
retinas  were  recorded  and  digitized 
from  a  Rodenstock  confocal  scanning 
laser  ophthalmoscope  (CSLO).  The 
optical  powers  of  these  eyes  are 
estimated  at  445,  370,  and  205 
diopters,  respectively.  A  0.1  diopter 
change  in  these  eyes  corresponds  to  a 
0.5,  0.7  and  5.0  micron  shift, 

respectively,  in  focal  depth  at  the  retinal 
plane.''  An  air-cooled  Argon  laser  (488 
and  514nm)  provided  acute  laser 
exposures  ranging  from  152  to  1000 
pjoules  Total  Intraocular  Energy  (TIE) 
for  10-1 00msec  pulse  widths.  A  Q- 
switched  Neodymium  532nm  laser  was 
used  at  energy  levels  from  6  to  18 
pjoules.  Retinal  spot  size  was  about  35 
microns.  Anesthesia  was  achieved  with 
a  combination  of  Ketamine  and 
Xylazine  in  a  ratio  of  3.5:1. 

3.  RESULTS 

Figure  la  is  a  CSLO  view  of  the 
Checkered  Garter  snake  retina  imaged 
at  the  photoreceptor  matrix  showing 
large,  small  single,  and  small  secondary 
cones.  Large  cones  are  about  7-9ii 
and  small  cones  are  about  2-4)1.  A 
retinal  flat  mount  from  the  Western 
Coachwhip  is  shown  in  Figure  1b. 
These  cones  are  7-9|j.  in  diameter  in 
the  absence  of  their  natural  ocular 
optics.  Outer  segments  of  these 


Figure  1b.  Histological  flat  preparation  of  snake 
photoreceptors, 
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Figure  2.  Temporal  development  of  a  lOOOpjoule  exposure  from 


pre-exposure  1,  21  and  35  seconds  post-exposure. 


photoreceptors  are  displayed  toward  the  top  of  this  im^ge  where  photoreceptors  have  been 

flattened  in  more  sagittal 
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Figure  3.  Temporally  developing  lesion  imaged  at  the 
photoreceptor  layer  at  21  seconds  post-exposure. 


position  (arrows). 


Figure  2  shows  the  temporal 
development  of  a  1000  pjoule 
exposure  from  pre-exposure  1, 
21  and  35  seconds  post¬ 
exposure.  During  this  time 
period  the  exposed  photo- 
receptor  region  developed  an 
annulus  of  highly  reflective 
photoreceptors,  enlarged  photo¬ 
receptors,  as  observed  in  the 
center  of  the  lesion  site,  and 
alteration  in  photoreceptor 
orientation  outside  the  lesion 
site,  characterized  by  a  “rope¬ 
like”  appearance  of  some 
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regions  of  photoreceptors  apparent  at  35  seconds  post  exposure. 

Figures  3  and  4  show  fuller 
views  of  the  photoreceptor 
images  at  21  and  35  seconds 
post-exposure.  The  areas  of 
suggested  change  in  receptor 
orientation  are  indicated  by 
arrows.  Photoreceptors 
adjacent  to  the  region  of 
highly  reflective  photo¬ 
receptors  appear  as  though 
they  might  be  lying  on  their 
sides  in  a  more  sagittal  than 
tangential  position,  as 
compared  with  comparable 
photoreceptor  regions  at  21 
seconds  post  exposure. 
These  changes  in  orientation 
are  characterized  by  more 
subtle  change  in  the 
photoreceptors  superior  and  to  the  left  of  the  developing  ring  of  reflective  photoreceptors, 
appearing  as  a  more  sagittal  than  transverse  view  of  individual  photoreceptors  (see  arrows). 


Figure  4.  Temporally  developing  lesion  imaged  at  the 
photoreceptor  layer  at  35  seconds  post-exposure. 


Figure  5.  “Sticky”  blood  cells  at  55  seconds  post  lOOOpjoule 
exposure. 


Figure  5  shows  the 
corresponding  effect  of  a 
comparable  1000  [ijoule 
exposure  imaged  in  the 
anterior  vascular  retinal  layer. 
Blood  cell  flow  through  the 
optic  disk  of  the  snake  {Conus 
Papillaris)  showed  immediate 
evidence  of  slower  moving 
blood  cells  becoming  very 
apparent  at  55  seconds,  where 
at  least  5  blood  cells  were 
observed  in  very  slow 
movement  through  the  central 
vessel  of  the  Conus  Papillan's. 
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Figure  6a.  Argon  lesions  imaged  at  488nm  Figure  6b.  Argon  lesions  imaged  at  780nm 

Figure  6a  presents  five  exposure  sites  with  annular  rings  of  highly  reflective  photoreceptors, 
produced  by  equal  energy  lesions.  Lesion  diameter 
clearly  decreases  as  energy  is  maintained  constant  at 
500  pjoules  by  halving  the  power  and  doubling  the 
duration  of  the  exposure.  The  same  five  lesions  were 
imaged  with  the  780nm  laser  diode  (Figure  6b), 
revealing  an  increase  in  photoreceptor  reflectivity  within 
the  central  region  as  well  as  an  increase  in  the  number 
of  reflective  photoreceptors,  observed  in  the  upper  two 
exposures  of  longer  duration. 

Figure  7a  and  7b  show  a  comparison  of  Q-switched 
532nm  and  Argon  (488  and  514nm)  exposures  in  the 
same  retina  made  about  15  minutes  apart  producing 
two  different  lesion  sites  as  a  function  of  imaging 
wavelength.  The  Q-switched  lesion  at  the  left  was 
induced  by  a  12  pjoule  Q-switched  532nm  single  pulse, 
while  the  Argon  laser  exposure  was  made  at  500 
pjoules.  These  figures  show  a  differential  relationship 
for  photoreceptor  reflectivity  within  the  Argon  and  Q- 
switched  Neodymium  laser  site.  At  488nm,  both  lesion 
sites  show  similar  reflectivity(7a).  The  Q-switched 
532nm  exposure  site  darkens  and  enlarges  when 
imaged  with  the  780nm  source(7b).  A  significant 
number  of  low  reflecting  and  enlarged  receptors  are 
observable  in  this  site. 


Figure  7a.  Argon  and  Q-switched 
exposures  imaged  at488nm. 


Figure  7b.  Argon  and  Q-switched 
exposures  imaged  at  780nm. 
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4.  DISCUSSION 


We  have  demonstrated  an  enhanced  capability  to  image  in  vivo  laser-induced  retinal  cellular 
pathology  in  both  the  posterior  and  anterior  retina  by  combining  the  high  numerical  aperture 
and  high  spatial  resolution  of  the  snake  eye  with  the  CSLO’s  ability  to  traverse  retinal  depth. 
We  have  observed  a  new  type  of  lesion  based  on  in  vivo  changes  to  the  photoreceptor.  The 
most  characteristic  feature  of  these  changes  is  an  increase  in  photoreceptor  reflectivity  in  the 
annulus  surrounding  the  center  of  the  exposure  site,  where  photoreceptors  may  have 
disappeared,  become  enlarged  and  at  lower  doses  enlarged  and  reflective.'*  Moreover,  when 
these  exposure  sites  are  imaged  in  the  near  IR  (780nm)  versus  the  visible  (488nm)  the 
number  of  reflective  photoreceptors  increases,  suggesting  that  the  higher  absorption  of  retinal 
labile  and  non-labile  pigments  in  visible  light  masks  additional  structural  damage  to  the 
photoreceptor. 

On  the  other  hand  we  have  shown  in  Figure  7,  that  Q-switched  532nm  and  Argon  laser 
induced  damage  to  the  photoreceptors  display  differentially  when  imaged  with  visible  (488nm) 
and  near  IR  (780nm)  laser  sources.  The  enlarged  darkened  area  shown  for  the  Q-switched 
exposure  may  reflect  deeper  subretinal  as  well  as  damage  to  the  photoreceptor  structure 
revealed  with  visible  imaging  source.  These  differences  are  a  consideration  in  comparing  such 
lesion  sites,  as  Q-switched  exposures  more  easily  penetrate  the  subretina  and  induce 
hemorrhagic  effects  because  of  acoustic  shock  wave  properties. 

Also  unique  to  this  investigation  of  laser  induced  retinal  injury  is  the  ability  to  image  the 
damage  process  at  anterior  as  well  as  posterior  retina.  We  have  shown  alteration  to  the 
anterior  blood  cell  flow  following  acute  Argon  laser  exposure.  While  slowing  of  blood  cell  flow 
occurs  within  the  first  several  seconds  post  exposure,  it  rapidly  decreases,  revealing  blood  cell 
“stickiness”  after  about  1  minute  post  exposure.  Such  effects  may  develop  vascular  blockages 
in  areas  of  lesion  sites  visible  several  days  post  exposures  as  cells  “sticking”  to  vessel  walls.'* 
The  recruitment  of  “sticky”  blood  cells  may  induce  secondary  damage  to  the  photoreceptors 
and  neural  elements  by  release  of  chemotoxic  compounds  associated  with  laser  induced 
photoreceptor  damage.® 

In  summary,  we  have  demonstrated  the  ability  to  image  in  vivo  laser  induced  retinal 
photoreceptor  damage,  showing  unique  changes  in  cellular  reflectivity,  and  characterizes  laser 
induced  pathophysiology  in  the  vascular  system.  These  changes  we  see  in  living  tissue  may 
be  absent  in  fixed  histological  preparations.  Visualization  of  these  dynamic  cellular 
interactions  are  essential  in  understanding  the  morphological  reorganization  of  the  retina  in 
response  to  acute  laser  injury  or  low  level  repetitive  injury.  Our  understanding  of  how  the 
receptor  mosaic  reestablishes  itself  after  injury,  if  it  does,  and  the  role  of  blood  cell  behavior 
with  regard  to  the  induction  of  injury  are  essential  in  assessing  the  permanency  of  functional 
loss. 
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ABSTRACT 

A  body  of  data  relates  the  ED50  for  laser-induced  retinal  damage  to  exposure  duration  for  visible- 
wavelength  laser  exposure  and  for  1064  nm  laser  exposure.  The  data  base,  extending  from  sub¬ 
nanosecond  exposures  to  kilosecond  exposures,  can  for  the  most  part,  be  fit  to  models  based  on  thermal 
interactions,  thermal-mechanical  mechanisms,  and  photochemical  processes.  Exceptions  to  this  fit  occur 
between  1  and  100  microseconds  where  the  damage  mechanism  transitions  from  exclusively  thermal  to 
thermal-mechanical.  Disagreement  exists  as  to  whether  this  anomalous  dip  of  ED50  is  real  or  is  an 
artifact  of  the  data.  We  determined  the  laser-induced  retinal  ED50  in  Rhesus  monkey  eyes  for  several 
exposure  durations  from  12  nanoseconds  to  1000  milliseconds  at  755  nm  using  a  dye  laser,  an 
alexandrite  laser,  and  a  Ti:  Sapphire  laser.  These  data  do  not  show  a  dip  in  ED 50  in  the  microsecond  time 
period 

Key  Words:  Laser,  retina,  damage  threshold,  Ti:Sapphire,  near  infrared,  time  dependence 

1.  INTRODUCTION 

In  recent  years,  a  number  of  tunable  lasers  have  become  available  which  in  composite  span  the 
wavelength  range  from  700  nm  to  1000  nm  and  the  temporal  range  from  femtoseconds  to  continuous 
operation.  Interest  in  this  spectral  range  has  been  driven  by  the  fact  that  it  includes  the  emission 
wavelengths  of  most  semiconductor  lasers  and  light  emitting  diodes  (LEDs).  Laser  diodes  and  LEDs  are 
so  pervasive  in  commercial  optoelectronic  products  that  the  probability  for  ocular  exposure  of  any 
individual  is  near  unity.  One  would  assume  that  a  predictable  relationship  between  ED50  and 
wavelength  would  be  documented  for  the  visible  and  near-infrared  based  on  early  data  and  tissue 
absorption  characteristics.  Such  is  not  the  case.  Lund  reported  variability  in  the  relationship  of  ED50  to 
wavelength  in  the  region  between  700  mn  and  900  nm.  and  showed  evidence  for  nonlinear  laser/tissue 
interaction  mechanisms. 

A  body  of  data  relates  the  ED50  for  laser-induced  retinal  damage  to  exposure  duration  for  visible- 
wavelength  laser  exposure  and  for  1064  nm  laser  exposure.  Green-emitting  (frequency  doubled 
neodymium  and  argon)  lasers  and  near  infrared  (neodymium)  lasers  show  similar  dependence  of  ED50 
upon  ocular  exposure  duration  (Figure  1).  The  data,  extending  from  femtosecond  exposures  to  1000 
second  exposures,  can  for  the  most  part  be  fit  to  models  based  on  thermal  interactions,  thermal- 
mechanical  mechanisms,  and  photochemical  processes.  Exceptions  occur,  most  notably  for  exposures  in 
the  1  ps  to  100  ps  duration  range  where  the  damage  mechanism  transitions  from  exclusively  thermal  to 
thermal-mechanical.  The  data  indicate  that  the  ED50  may  decrease  as  the  exposure  duration  increases 
from  1  ps  to  100  ps.  Disagreement  exists  as  to  whether  this  anomalous  dip  of  ED50  is  real  or  an  artifact 
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of  the  data.  The  purposes  of  this  study  were  to  determine  the  time  dependence  of  ED50  for  lasers 
emitting  in  the  deep  red  spectral  region,  and  to  relate  this  data  to  ED50  vs.  exposure  duration  data  for 
green-emitting  and  1064  nm  lasers. 


Figure  1.  The  EDjo  for  laser  induced  retinal  damage  in  Rhesus  monkey  as  a  function  of  the  exposure  duration  for  visible  and 
1064  nm  radiation.  All  data  are  for  minimum  retinal  irradiance  diameter  exposure  and  1  hour  observation  time. 

2.  MATERIALS  AND  METHODS. 


2.1  Lasers 


A  number  of  lasers  were  used  to  span  the  time  domain  from  12  ns  to  1000  ms 

12  ns  duration  pulses  were  generated  by  a  Molectron  Model  DL-18  dye  laser  pumped  by  the  second 
harmonic  output  of  a  Molectron  MY33  Nd:YAG  laser 

Three  alexandrite  lasers  were  used.  The  first  emitted  200  ns  pulses  when  operated  in  the  Q-switched 
mode  or  50  ps  pulses  in  the  non-Q-switched  mode..  The  second  emitted  pulses  of  175  ns  duration  in  the 
Q-switch  mode.  In  the  non-Q-switched  mode,  6  ps  pulses  were  obtained  by  using  the  pockel  cell  switch, 
as  a  shutter  to  gate  the  normal-pulse  output  duration.  The  third  alexandrite  laser  emitted  non-Q- 
Switched  pulses  of  350  or  750  ps  duration,  switch  selectable.  The  first  laser  was  tunable  over  the  range 
from  730  nm  to  780  nm.  The  wavelength  of  the  other  two  was  fixed  at  755  nm. 

10  ms  to  1000  ms  exposures  were  obtained  from  a  Spectra  Physics  Model  3900  Ti:Sapphire  laser 
pumped  by  the  514.5  nm  output  of  a  Coherent  INOVA  100  argon  laser. 
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TiiSAPPHIRE  LASER  EXPOSURE  SYSTEM 
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Figure  2:  Schematic  of  laser  exposure  system  employed  to  expose  the  rhesus  monkey  eyes.  The  argon  laser  pumped  the 
Ti:  Sapphire  laser.  An  optical  wedge  directed  a  portion  of  the  beam  into  a  reference  detector  and  a  portion  into  a  Wavemeter. 
A  shutter  controlled  the  exposure  duration.  After  passing  through  attenuators,  the  beam  was  directed  by  mirrors  into  the 
target  (animal  eye  or  calibrated  detector).  The  mirror  in  front  of  the  fundus  camera  was  translated  to  permit  observation  of 
the  target  retina. 

2.2  Experimental  Technique 

Figure  2  is  a  representative  exposure  system.  A  portion  of  the  laser  output  was  directed  by  a 
beamsplitter  into  a  Burleigh  Model  4000  Wavemeter  so  that  the  laser  could  be  accurately  tuned  to  the 
desired  wavelength  and  the  wavelength  could  be  continuously  monitored.  A  shutter  determined  the 
exposure  duration  for  continuous  beam  lasers  or  selected  a  single  pulse  from  a  pulse  train  for  repetitive 
pulsed  lasers.  A  beamsplitter  deflected  a  constant  proportion  of  the  pulse  energy  into  a  reference 
detector  while  the  remainder  of  the  energy  passed  through  attenuators  and  onto  a  mirror  which  directed 
the  laser  beam  into  the  eye  to  be  exposed.  The  mirror  was  moimted  on  a  translation  stage  so  it  could  be 
moved  to  permit  observation  and  accurately  repositioned  for  exposure.  A  fundus  camera  permitted 
observation  of  the  retina  and  selection  of  sites  for  exposure.  The  frmdus  camera,  mirror,  and  laser  beam 
were  aligned  so  that  the  laser  energy  reflected  by  the  mirror  passed  through  the  center  of  the  ocular  pupil 
and  struck  the  retina  at  the  site  corresponding  to  the  crosshairs  of  the  fundus  camera  viewing  optics. 

Before  the  rhesus  monkey  was  positioned,  a  calibrated  detector  was  positioned  to  directly  receive  the 
power  that  would  normally  enter  the  eye.  The  ratio  of  the  power  at  this  position  to  the  power  at  the 
reference  detector  was  obtained  with  the  attenuator  removed.  Subsequently,  when  the  eye  was  exposed, 
the  power  entering  the  eye  for  each  exposure  was  determined  by  multiplying  the  power  at  the  reference 
detector  by  the  ratio  previously  determined  and  by  the  transmission  of  the  attenuating  filter  chosen  to 
give  the  desired  power. 

The  alexandrite  lasers  emitted  far  more  energy  than  was  required  for  this  study,  and  it  was  necessary  to 
greatly  attenuate  the  energy  reaching  the  subject  animal  eye.  The  laser  beam  was  expanded, 
recollimated,  and  apertmed  to  limited  the  beam  delivered  to  the  eye.  The  laser  beam  diameter  at  the  eye 
position  was  4  mm  for  all  exposures. 
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350  microsecond  pulse  ^50  microsecond  pulse 


Figure  3.  Representative  oscillographs  of  alexandrite  laser  emission  at  6,  58,  350,  and  759  ps  pulse  duration.  For  each 
duration,  the  emission  consists  of  a  series  of  relaxation  oscillations  which  vary  from  shot  to  shot  within  an  envelope  which  is 
consistent  in  duration  from  shot  to  shot. 

The  beam  divergence,  and  pulse  duration  were  determined  for  each  exposure  condition.  A  silicon 
photodetector  (EGG  Lite-Mike)  and  an  oscilloscope  were  used  to  record  the  pulse  durations.  The 
determination  of  pulse  duration  for  the  Q-switch  pulses  and  the  shuttered  CW  was  straightforward,  and 
the  full-width-half  maximum  (FWHM)  values  are  reported.  The  emission  duration  of  the  non-Q 
switched  lasers  required  interpretation.  Figure  3  shows  representative  oscillograph  traces  of  the 
emission  durations  used  in  this  study.  The  number  and  shape  of  the  individual  pulses  within  the 
envelope  for  the  non-Q-switch  emission  varied  from  shot  to  shot,  but  the  envelope  duration  remained 
relatively  constant.  The  duration  of  the  exposure  for  these  cases  was  defined  to  be  the  time  from  the  first 
significant  pulse  to  the  last  significant  pulse  (The  criterion  for  significance  was  the  judgment  of  the  first 
author  and  was  consistent  throughout  these  measurements).  For  each  non-Q-switched  exposure 
duration,  ten  shots  were  recorded  via  oscillograph  and  the  duration  of  each  shot  determined.  The 
average  duration  of  these  ten  is  reported. 

2.3  Experimental  Subjects 

Rhesus  monkeys  were  sedated  and  anesthetized  for  exposure.  Cycloplegia  and  full  pupil  dilation  were 
pharmaceutically  induced  in  both  eyes,  and  the  eye  to  be  exposed  was  held  open  by  a  lid  speculum.  The 
cornea  was  periodically  irrigated  with  physiological  saline  solution  to  maintain  clarity.  For  each  test,  an 
animal  was  positioned  and  30  exposures  were  placed  in  an  array  in  the  extramacular  retina.  The  initial 
row  of  six  exposures  in  each  sequence  were  at  a  dose  high  enough  to  produce  an  immediate  visible 
retinal  bum.  Subsequent  exposures  were  at  lower  doses  so  that  the  range  of  doses  in  the  array  varied  by 
about  a  factor  of  ten.  The  retina  was  photographed  and  the  exposure  sites  marked  on  the  photograph  for 
subsequent  identification.  The  exposure  sites  were  examined  via  direct  ophthalmoscope  one  hour  after 
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exposure  and  the  presence  or  absence  of  visible  alteration  noted  for  each  site.  The  response  at  each  site 
was  correlated  to  the  dose  at  that  site.  For  each  wavelength,  the  data  obtained  by  exposure  of  four  to  six 
eyes  were  statistically  evaluated  to  determine  the  EDsoand  associated  95%  confidence  limits. 

3.  RESULTS 

The  ED50S  for  retinal  alteration  in  Rhesus  monkeys  were  determined  for  10  exposure  duration  at  755 
NM.  The  criteria  was  the  presence  of  an  alteration  visible  via  ophthalmoscope  one  hour  after  exposure. 
These  data  are  presented  in  Table  1  and  Figure  4. 

Table  1 

ED50  FOR  LASER  INDUCED  RETINAL  DAMAGE  IN  RHESUS  MONKEY  AT  755  nm 


PULSE 

EDjo 

95%  LIMITS 

SLOPE 

DURATION 

nJ 

pj 

12  ns 

9.3 

8.02-10.9 

1.64 

175  ns 

11.5 

10.1-13.0 

1.49 

200  ns 

11.8 

9.98-14.0 

1.84 

5.9  }is 

35.9 

31.1-41.5 

1.75 

58.1  |is 

58.5 

52.4-65.4 

1.47 

321  fos 

118 

107-127 

1.40 

761  \is 

135 

119-153 

1.37 

10  ms 

440 

431-449 

1.10 

100  ms 

2470 

2310-1650 

1.21 

1000  ms 

11900 

11030-13030 

1.29 

4.  DISCUSSION 

The  755  nm  ED50  does  not  conform  to  the  exposure  duration  dependency  shown  for  the  green  and 
infrared  laser  exposures.  Between  200  ns  and  750  ps,  the  ED50  varies  approximately  as  t°^  where  t  is  the 
exposure  duration  .  There  is  no  evidence  of  a  dip  in  the  ED50  vs  exposure  duration  curve  between  1  and 
100  ps.  Rather,  there  is  an  orderly  transition  between  a  region  of  constant  energy  below  200  ns  and  a 
region  above  1  ms  where  the  ED50  varies  as  t'”^  In  attempts  to  explain  the  dip  in  the  ED50 ,  it  has  been 
argued  that  in  the  region  of  transition  between  laser/tissue  interaction  mechanisms,  energy  might  be 
dissipated  in  the  weaker  mechanism  and  not  contribute  to  eventual  tissue  damage.  The  data  of  this  study 
would  support  the  argument  that  energy  is  not  dissipated,  but  is  conserved,  and  all  the  energy  contributes 
to  tissue  damage  regardless  of  which  interaction  mechanism  it  encounters. 

The  755  nm  data  is  compared  to  the  ED50  data  for  green  emitting  lasers  and  1064  nm  lasers  in  Figure  5. 
The  data  for  all  three  wavelength  regions  are  similar  for  short  exposiues  and  for  long  exposures,  and  the 
ratio  of  ED50S  is  consistent  with  predictions  based  on  the  optical  properties  of  the  Rhesus  monkey  eye 
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EDgo  vs  EXPOSURE  DURATION 
ALEXANDRITE  &  Ti:SAPPHIRE  LASERS  -  755  nm 


Figure  4.  The  ED50  for  laser- induced  retinal  damage  in  Rhesus  Monkey  retina  are  plotted  for  10  exposure  durations.  The 
ED50  is  given  as  the  Total  Intraocular  Energy  (TIE)  v/hich  is  the  total  energy  incident  at  the  cornea  within  the  ocular  pupil 
diameter.  The  laser  sources  were  a  dye  laser,  3  alexandrite  lasers  and  a  Ti: Sapphire  laser,  all  operating  at  755  nm.,  These 
data  are  compared  to  the  MPE  at  755  nm. 

The  lines  of  Figure  5  through  the  visible  and  1064  nm  data  simply  connect  constant  ED50  to  constant 
slope.  These  data  do  not  preclude  an  orderly  transition  as  exhibited  by  the  755  nm  data.  Neither  do  they 
necessarily  support  such  a  transition. 

VARIATION  OF  EDgo  WITH  EXPOSURE  DURATION 


EXPOSURE  DURATION  (seconds) 


Figure  5.  The  ED50  for  laser-induced  retinal  damage  in  Rhesus  Monkey  retina  at  755  nm  (squares)  is  compared  to  the  ED50S 
for  exposure  to  green-emitting  lasers  (diamonds)and  1064  nm  lasers  (triangles)..  The  ED50  is  given  as  the  Total  Intraocular 
Energy  (TIE)  which  is  the  total  energy  incident  at  the  cornea  within  the  ocular  pupil  diameter. 
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This  study  used  a  wavelength  of  755  nm  because  that  is  the  wavelength  of  the  nontunable  alexandrite 
lasers  used  to  obtain  some  of  the  exposure  durations.  Figure  6  Shows  the  variation  of  EDjoWith 
wavelength  in  the  near-inffared  for  two  of  the  lasers  used  in  this  study.  The  ED50  is  relatively  constant 
with  wavelength  around  755  nm.  Other  intervals  show  rapid  changes  of  ED50  with  small  changes  of 
wavelength.  The  data  for  15  ns  exposure  and  100  ms  exposure  strongly  suggest  nonlinear  interaction 
mechanisms  at  860  nm.  While  the  data  of  this  study  is  valid  for  755  nm  exposure,  it  may  not  be 
representative  of  the  time  dependence  of  ED50  for  other  near-infrared  wavelengths 


RETINAL  ED50  vs  WAVELENGTH 
Dye  Laser  and  Ti:Sapphire  Laser 
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Figure  6.  The  ED50  for  laser-induced  retinal  damage  in  Rhesus  Monkey  retina  as  a  function  of  wavelength  in  the  near 
infrared  for  15  ns  dye  laser  exposure  (open  circles,  left  scale)  and  100ms  Ti:Sapphire  laser  exposure  (closed  circles,  right 
scale).  The  ED50  is  given  as  the  Total  Intraocular  Energy  (TIE)  which  is  the  total  energy  incident  at  the  cornea  within  the 
ocular  pupil  diameter.  The  ED50  is  relatively  constant  in  the  region  near  755  nm  .  Nonlinear  laser/tissue  interaction  is 
suggested  at  870  nm. 


5.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  data  of  this  study  do  not  show  a  minimum  of  ED50  for  laser  induced  retinal  damage  at  0.1  to  10  p.s 
exposure  duration.  Rather,  the  EDjq  at  755  nm  increases  as  t°^  for  exposure  durations  from  0.2  ps  to 
750  ps.  The  transition  from  thermal  damage  mechanisms  to  thermal/mechanical  damage  mechanisms 
appears  to  be  energy  conservative  in  that  all  the  energy  contributes  to  tissue  alteration  for  all 
distributions  of  energy  into  the  two  interaction  mechanisms.  Comparison  of  these  data  to  the  MPE 
(Figure  4)  show  that  the  standards  are  certainly  adequate  and  are  probably  conservative  in  the  1  to  100 
ps  time  frame  for  755  nm  laser  exposure.  In  other  studies  we  have  demonstrated  evidence  for  nonlinear 
interaction  mechanisms  at  some  NIR  wavelengths  (Figure  6).  Nonlinear  interaction  mechanisms  might 
dramatically  alter  the  ED50  vs  exposure  duration  relationship.  Further  research  of  the  time  dependence 
of  ED50  is  recommended  for  other  NIR  wavelengths. 
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6.  DISCLAIMER 


In  conducting  the  research  described  in  this  report,  the  investigators  adhered  to  the  “Guide  for  the  Care 
and  Use  of  Laboratory  Animals,”,  as  promulgated  by  the  Committee  on  Revision  of  the  Guide  for 
Laboratory  Animal  Facilities  and  Care,  Institute  of  Laboratory  Animal  Resources,  National  Academy  of 
Sciences  -  National  Research  Council. 

The  opinions  or  assertions  contained  herein  are  the  private  views  of  the  authors  and  are  not  to  be 
construed  as  official  or  as  reflecting  the  views  of  the  Department  of  the  Army  or  the  Department  of 
Defense. 

Citation  of  trade  names  in  this  report  does  not  constitute  an  official  endorsement  or  approval  of  the  use 
of  such  items. 
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ABSTRACT 

Recent  studies  of  retinal  damage  due  to  ultrashort  laser  pulses^^  have  shown  that  less  energy  is 
required  for  retinal  damage  for  pulses  shorter  than  one  nanosecond.  Laser  minimum  visible 
lesion  (MVL)  thresholds  for  retinal  damage  from  ultrashort  (i.e.  <  1  ns)  laser  pulses  are  produced 
at  lower  energies  than  in  the  nanosecond  (ns)  to  microsecond  (ps)  laser  pulse  regime.  We  review 
the  progress  made  in  determining  the  trends  in  retinal  damage  from  laser  pulses  of  one 
nanosecond  to  one  hundred  femtoseconds  in  the  visible  and  near-infrared  wavelength  regimes. 
We  have  determined  the  most  likely  damage  mechanism(s)  operative  in  this  pulse  width  regime 
and  discuss  implications  on  laser  safety  standards. 

Keywords:  eye,  laser,  nonlinear  optics,  retinal  damage,  safety 


2.  INTRODUCTION 

Lasers  are  currently  proliferating  which  produce  sub-nanosecond  laser  pulses  in  the  visible 
and  near  infrared  spectral  regions.  These  wavelengths  easily  propagate  through  the  eye  and  can 
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result  in  retinal  damage  and  functional  vision  loss  if  appropriate  laser  protective  measures  are  not 
used.  Unfortunately,  there  exists  no  current  Air  Force  or  national  laser  safety  standard  which 
specifies  allowable  exposures  for  pulses  shorter  than  1  ns  in  duration.  In  recent  works  by  Cain, 
et  al.  MVL  threshold  data  for  ultrashort  single  laser  pulses  show  a  decrease  in  the  amount  of 
pulse  energy  needed  to  cause  observable  retinal  damage  below  1  ns  and  LIB  was  shown  to 
influence  those  thresholds  below  150  fs  for  the  visible  wavelength  regime.  According  to  the 
growing  sub-nanosecond  single-pulse  MVL  data  base,  one  can  conclude  that  extending  the 
current  microsecond  to  nanosecond  constant-comeal-fluence-regime  ANSI  standard  to  shorter 
pulse  durations  may  prove  to  be  imprudent  and  possibly  that  the  current  guidance  to  use  constant 
power  may  be  overly  conservative. 

In  this  study  we  review  the  nonlinear  optical  phenomena  considered  in  previous  studies  and 
the  influence  of  these  phenomena  on  the  amount  of  energy  required  for  retinal  damage,  here 
defined  to  be  the  MVL  threshold.  We  will  consider  recent  near  infrared  (NIR)  MVL  studies  and 
their  impact  on  determining  new  damage  mechanisms.  In  general  it  should  be  noted  that  the 
single-pulse  MVL  data  shows  three  broad  trends.  For  exposures  longer  than  20  ps  there  is  a 
region  where  near  constant  irradiance  (W/cm^)  is  required  for  retinal  damage.  For  pulses  from 
1  ns  to  20  ps,  diffusion  of  heat  is  negligible  during  the  exposure  and  the  fluence  (J/cm^)  required 
for  retinal  damage  is  nearly  constant.  The  third  regime  occurs  for  pulse  durations  shorter  than 
one  nanosecond  where  the  data  shows  that  it  takes  less  energy  to  create  retinal  damage  than  for 
longer  pulses. 


3.  NONLINEAR  OPTICAL  EFFECTS 

There  are  several  nonlinear  optical  properties  which  may  have  an  affect  on  the  mechanism  of 
retinal  damage  or  its  variation  with  spot  size,  wavelength  or  pulse  duration.  In  previous  analyses 
of  ocular  damage,  propagation  effects  were  seldom  cited  as  having  an  effect  on  retinal  damage, 
except  for  chromatic  aberration  effects  on  spot  size.  We  have  considered  several  nonlinear 
optical  phenomena  and  their  plausible  effects  on  retinal  damage'*'^. 
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Figure  1.  Plotted  is  the  sub- 
microsecond,  single-pulse,  visible 
MVL  data  available  for  rhesus 
monkeys  versus  pulse  peak  power. 
A  linear  trend  is  evident  across  the 
range  from  the  microsecond  to 
femtosecond  regime.  The  lines  are  a 
guide  to  the  eye  to  emphasize  the 
linear  trend  in  the  data. 


Power  Density  on  Retina 


Figure  2.  The  same  data  as  in 
Figure  1  is  plotted  versus  average 
irradiance  at  the  retina  assuming  a 
10  pm  spot  size  on  the  retina.  The 
lines  are  a  guide  to  the  eye  to 
emphasize  the  linear  trend  in  the 
data. 


Figure  1  shows  a  trend  in  MVL  data  when  they  are  plotted  versus  peak  power  (peak  power  = 
energy  per  pulse/  pulse  duration)  for  visible  wavelengths  below  one  microsecond.  We  see  the 
MVL  threshold  scales  with  power  in  a  near  linear  fashion  on  this  log-log  scale.  If  we  assume  a 
retinal  spot  size  radius  of  10  pm,  we  can  then  plot  pulse  duration  versus  average  irradiance  at  the 
retinal  plane.  This  is  shown  in  Figure  2. 

In  a  previous  paper^  we  showed  that  various  nonlinear  optical  phenomena  may  influence  the 
spot  size,  wavelength,  bandwidth  or  pulsewidth  that  impinges  the  retina.  In  long  pulse  MVL 
exposures,  the  spot  size  on  the  retina  can  be  defined  by  knowledge  of  the  wavelength,  divergence 
angle  and  spot  size  on  the  cornea,  but  nonlinear  propagation  phenomena  also  effect  the  retinal 
beam  characteristics  after  propagation  through  the  eye.  Pictured  in  Figures  3  and  4  are  the 
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regimes  where  different  nonlinear  propagation  effects  may  effect  the  retinal  beam  characteristics. 
We  see  that  self-focusing  may  affect  the  spot  size  for  pulses  in  the  femtosecond  regime  and  LIB 
may  affect  the  MVL  threshold  for  150  fs  and  below  in  the  visible. 


Figure  3.  Pictured  is  the  peak  power  for  MVL  data  (triangles)  with  an 
outline  of  the  peak  power  required  for  various  nonlinear  optical  effects  in 
the  geometry  of  the  eye. 


Figure  4.  Pictured  is  the  retinal  irradiance  for  MVL  points  (diamonds)  and 
the  threshold  for  laser  induced  breakdown  (stars)  for  various  pulse  widths. 


4.  CONCLUSIONS 


Self-focusing  and  LIB  have  been  found  to  be  possible  factors  for  subnanosecond  MVL 
thresholds  for  visible  wavelengths.  To  extend  these  arguments  into  the  NIR,  one  needs  to 

consider  that  NIR  wavelengths  focus  behind  the  retina^.  Neither  self-focusing  nor  LIB  should  be 

a  player  for  these  longer  wavelengths,  as  they  both  are  phenomena  related  with  the  focal  plane 
which  is  behind  the  RPE  for  NIR  wavelengths.  This  is  true  except  for  LIB  which  can  extend  up 
the  beam  path  for  much  higher  energies,  much  higher  than  the  MVL  threshold  for  these 
arguments. 

7 

As  reported  by  Cain  et  al.  ,  the  NIR  MVL  data  follow  the  same  trend  as  the  visible  MVL’s. 

If  the  decrease  in  MVL  threshold  for  the  visible  pulses  was  due  to  self-focusing,  one  would  not 
expect  to  see  the  same  trend  in  the  NIR  data  because  of  the  light  focusing  well  behind  the  retina. 
Since  the  data  show  similar  trends,  it  is  suspected  that  melanin  mediated  phenomena  have  an 
effect  on  reducing  the  MVL  threshold  for  ultrashort  laser  pulses. 

The  increasing  use  of  ultrashort  lasers  emphasizes  the  fact  that  defining  an  appropriate 
maximum  permissible  exposure  limit  is  necessary.  Use  of  ultrashort  laser  pulses  offers  the 
possibility  of  unique  solutions  to  many  optical  problems  as  well  as  unique  explanations  for 
retinal  damage.  Studies  are  contmuing  to  determine  the  interplay  between  the  nonlinear 
processes  mentioned  and  melanin  mediated  effects.  The  combination  of  these  studies  should 
generate  an  important  biophysical  understanding  of  retinal  damage  in  many  pulse  and 
wavelength  regimes. 
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ABSTRACT 

The  recent  development  of  ultrafast  laser  systems  in  the  visible  and  near  infrared  spectral  regions  requires  detailed  knowledge 
of  the  material  properties  of  ocular  media.  Different  physical  mechanisms  play  competing  roles  and  give  rise  to  new  phenomena 
as  the  femtosecond  laser  pulse  propagates  in  ocular  media.  We  investigate  the  relative  importance  of  radial  diffraction  and 
material  dispersion  for  a  wide  range  of  wavelengths  for  femtosecond  laser  pulse  propagation.  Because  no  analytical  solution  exists 
which  can  fully  explain  the  laser-material  interaction,  we  use  numerical  techniques.  The  numerical  technique  will  be  described  in 
detail. 

Keywords:  ultrashort  pulses,  lasers,  self-focusing,  dispersion,  nonlinear  propagation,  ocular  media 

2.  INTRODUCTION 

Currently,  the  study  of  spatiotemporal  effects  of  laser  propagation  is  of  significant  interest^'^^  For  intense  continuous  optical 
waves  (cw),  the  interaction  of  nonlinearity  and  diffraction  can  lead  to  self-focusing  and,  for  sufficiently  intense  pulses,  to  critical 
collapse  where  (in  principle)  the  laser  beam  waist  approaches  zero  and  the  beam  intensity  becomes  infinite.^’^^  For  temporally  as 
well  as  spatially  pulsed  optical  beams,  the  nonlinearity  couples  the  spatial  and  temporal  behavior  leading  to  complex  dynamical 
behavior.  In  a  nonlinear  dispersive  medium,  the  study  of  propagating  optical  pulses  have  combined  the  effects  of  diffraction,  Kerr 
nonlinearity  and  group  velocity  dispersion  (GVD)'^^  The  relative  sign  of  the  Kerr  nonlinearity  and  the  GVD  plays  a  significant 
role  in  the  dynamics  of  the  light  matter  interaction.  In  most  studies,  a  positive  Kerr  nonlinearity  is  assumed  and  used  in 
conjunction  with  either  a  negative  GVD  (anomalous  dispersion)  or  a  positive  GVD  (normal  dispersion). 

In  the  negative  GVD,  it  is  suggested  that  a  stable  light  bullet  forms. ^  The  situation  in  the  positive  GVD  region  is  more  complex. 

In  the  normal  dispersion  region,  the  optical  pulse  broadens  along  the  time  axis  but  compresses  (positive  Kerr  effect)  in  the 
transverse  direction.  This  spatiotemporal  interplay  leads  to  the  splitting  of  the  pulse  in  both  space  and  time.  In  the  case  of  weak 
GVD,  the  pulse  can  achieve  a  high  degree  of  spatial  compression  before  splitting  into  several  subpulses."^’ 

Nonlinear  effects,  such  as  self-focusing,  may  be  responsible  for  some  of  the  experimental  observations  for  laser  eye  damage.^^'^ 
It  was  recently  proposed^  that  normal  group  velocity  dispersion  (GVD)  increases  the  peak  input  power  required  for  two- 
dimensional  self-focusing  of  ultrashort  pulses.  Several  researchers  have  examined  the  effects  of  weak  GVD  on  self-focusing  for 
picosecond  (ps)  pulses  Normal  GVD  affects  self-focusing  by  spreading  the  pulse  along  the  propagation  direction.  Because 
cross  sections  of  the  light  pulse  differ  in  power,  those  possessing  powers  that  exceed  the  critical  power  self-focus  at  different  rates. 

Additional  experiments  showed  the  presence  of  light-induced  breakdown  (LIB)  and  a  propagation  model  was  developed  to 
incorporate  LIB  This  theory  solved  a  Drude  model  for  the  electron  density  generated  by  LIB  coupled  to  the  paraxial  wave 
equation  for  the  propagating  electromagnetic  field.  This  model  includes  GVD,  nonlinear  self-focusing,  multiphoton  absorption, 
and  absorption  and  defocusing  due  to  the  electron  plasma. 

The  recent  advent  of  femtosecond  visible  and  infrared  lasers  prompts  the  extension  of  the  interaction  of  nonlinear,  dispersive 
and  diffractive  to  be  extended  to  new  reals.  This  is  because  as  the  optical  pulse  becomes  temporally  shorter,  the  dispersive  effects 
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grow  in  importance.  Previous  studies  assumed  an  instanteous  (electronic)  Kerr  nonlinearity.  However,  in  many  materials,  the 
Kerr  nonlinearity  consists  of  both  instantaneous  as  well  as  time-delayed  components  (i.e.  Raman  terms).  This  time-delayed 
component  becomes  significant  for  ultrashort  temporal  pulses  and  was  experimentally  observed  in  optical  fibers. 

As  the  temporal  pulse  with  decreases,  higher  order  dispersive  effects,  beyond  the  GVD,  can  make  significant  contributions  to 
the  optical  beam  propagation.  These  effects  include  self-steepening  in  addition  to  the  time-delayed  Kerr  effect.  In  this  paper  we 
examine  theses  effects  for  a  femtosecond  optical  beam  propagating  in  a  Ken  nonlinear,  dispersive  medium.  These  results  can  play 
a  role  in  ultrashort  laser  propagation  in  biological  media,  such  as  the  vitreous  humor,  and  in  bulk  media,  including  solids,  liquids 
and  gases. 


3.  FEMTOSECOND  DISPERSION  AND  DIFFRACTION 

The  polarization  can  be  written  as 


■'■^0  L.  L,  L.  ^  ^  -  h  )E(r,  )E{r,  )E{r,  )dt^dt^dt^ 


(1) 


where  E  is  the  electromagnetic  field  and  P  is  the  polarization  vector,  and  (r,t)  =  (x,y,z,t).  We  are  concerned  with  the  effects  of 
the  third-order  nonlinearity  governed  by  . 

=  -  OHt  -  - 1^) 


The  nonlinear  part  of  the  polarization  can  be  written  in  terms  of  the  dielectric  constant, 


(3) 


The  dielectric  constant  can  be  approximated  by 


E  =  (Wq  +  =  Wq  +  2«oA« 


(4) 


where  n^  is  the  linear  index  of  refraction  and 


An  =  n2\Ef' 


(5) 


and  n^  is  the  coefficient  of  the  nonlinear  index  of  refraction,  k^  =  (x>Jc,  and  ot^  is  the  coefficient  for  K  photon  absorption. 
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However,  the  third-order  susceptibility  includes  both  resonant  and  nonresonant  (incoherent)  intensity-dependent  effects 
and  the  nonlinear  part  of  the  polarization  vector  can  be  written  as 


(6) 


The  response  function,  R(t)  includes  both  the  electronic  (instantaneous)  and  vibrational  (time-delayed)  terms, 


i?(0  =  a'6(0  +  (l-a'  )/(0 


(7) 


where  d  is  the  fraction  of  the  response  that  is  instantaneous  and  f(t)  can  be  obtained  from  the  measured  Raman  gain  curve. 

3.1  Theory 

The  electric  field  can  be  written  in  terms  of  the  rapidly  varying  part  and  an  envelope  function, 


(8) 


where  A(r,t)  is  the  envelope  function  and  cg^  is  the  central  or  carrier  frequency  of  the  electromagnetic  field.  For  femtosecond 
pulses  we  obtain,^^*'"* 


dz  dt 


avf  1 


d 

2kl  dt 


^(2)  32  ^(3,  3(3) 

2  de  '  6  dt^^^ 


1 + — )|  A(r  -  f  )\dt'  =  0 


(9) 


where  =  dVdco"  evaluated  at  cq,  and  represents  the  transverse  spatial  derivative. 
An  incident  pulse  of  the  form  is  assumed 


2ro" 


2x5 


(10) 


where  r^  is  the  spatial  beam  waist,  is  the  temporal  width  of  the  pulse  and  is  the  peak  incident  pulse  intensity.  For  simplicity 
we  will  now  let  the  transverse  coordinates,  x  ,y  be  represented  by  r  (r^  =  x  +  y ). 

In  order  to  examine  the  physics  in  more  detail,  we  define  the  length  scales 
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Diffraction  Length 


^DF  ~  ^  ^0 

Lds  ~  ^  Dispersion  Length 

Lnl  -\l  2^2  Nonlinear  Length 

As  the  length  scale  decreases  for  a  particular  effect,  the  more  dominant  it  becomes  relative  to  the  other  effects.  Therefore,  if  L^^p 
«  Lps,  the  dominant  effect  is  diffractive;  whereas,  if  L^^  «  L^p  the  dominant  effect  is  dispersive.  Similarly,  if  L^^  «  Lj^p ,  the  effect  is 
nonlinear. 

In  many  cases  the  nonlinear  terms  can  be  simplified  by  expanding  the  field  in  a  Taylor  series  to  obtain 


+ 


1  a 


\lkQ  2kl  dt 


^  2  de 


2  0(3) 

-L 
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+-^lApA  +  /^^(|A|-A)-^2^ 
c  c  at  ^  ^  c 


V 


31  A] 

^  dt 


2^ 


=  0 


(11) 


where 


=  J?  R{t'  )dt' . 


3.2  Transformations 

Assuming  the  nonlinear  diffractive  effect  is  dominant,  we  define  the  transformations 


Q=—,  p  =  -,  4  =  —’  — 


4 


-‘DF 


and  obtain  the  nondimensioned  equation 


.  3  1 

'3^  “^4 


3  V,  Y  5^  .5 
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3x  J  2  3x  6  3x 
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+ap^Qf  +  za 


32  ,  ^32* 
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J 

^  dt  J 
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(12) 


(13) 


where 
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'  1.2271  Y 

4  j’^  aL^,  2x1  2x^ 


<5 


WoT^o 


4.  NUMERICAL  PROCEDURE 


(14) 


The  numerical  solution  is  solved  in  the  form 


-  (Dds  +  ^DF  +  ■V)2 


where  and  N  are  operators  given  by 


/y  a"  5  a' 
“  2ax^'"6ax^ 


^DF  ~  ' 


\  ^  ^ 

^ax 


N  =  ap\  i\Qf  -a 


2Q-^+e^ 

dX  dX 


-IX 


m 

ax 


(15) 


(16) 


Equation  (15)  can  be  solved  using  the  symmetric  split-step  method*'* 


2(^  +  A^)  =  e 


e  e  e 


2(^) 


(17) 


where  the  exponential  operators  are  defined  by  their  Taylor  series  expansion.  The  problem  is  solved  in  three  separate  parts. 
The  linear  dispersion  operator,  is  solved  in  the  Fourier  domain  using  the  fast  Fourier  transform  (EFT)  method.  The 
nonlinear  operator,  N,  is  solved  in  the  time  domain  using  the  trapezoid  rule  and  iterated  until  the  algorithm  converges, 
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4'  N[(2(^' )] = y{^[!2(^)] + ^[Q(^ + ^^)]} 


(18) 


where  the  first  iteration  N[Q(^+A^)]  is  set  equal  to  N[Q(^)]  to  obtain  a  guess  for  Q(^+A^)  which  is  used  for  N[Q(^+A^)]  and  the 
process  is  repeated  until  convergence  is  reached.  The  terms  are  evaluated  using  a  discrete  space  and  time  grid  given  by 


Therefore  <2(^,p,t)  ^  <2(^„,Py,X,)  =  Q^j 


Then  the  nonlinear  operator  can  be  written  as 


N(^,)  =  ap 


-a 


20; 


(Xu -0^1./ 
2Ax 


+  0" 


2Ax 


-lapx 


0:..;-X-u 

2Ax 


+q; 


QHuj-GUj 

2Ax 


(19) 


where  the  “leap  frog”  method  is  used  to  evaluate  the  derivatives. 

The  third  part  involves  solving  the  linear  diffraction  operator  which  is  equivalent  to 


where 


3^ 


K(0))V5^e(^,p,0)) 


^  p8p  ap-’ 


and 


K(a))  =  -^(t-a(o). 


(20) 


(21) 


Equation  (20)  is  solved  using  the  finite  difference  scheme, 
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(22) 


dQ  Q^-Q^ 


^P  ^  ,  P  7+1  ~  P  7-1  P;+l  ~  P  j-l  ^ 


(23) 


and  using  the  Crank-Nicholson  scheme,  and  assuming  equal  spacing  in  p, 


ap^ 


1  [c^.-2!3r;‘+c^i ,  q:j.,-2q:,+q:j-,' 

2 1  (Ap)^  (Apf 


(24) 


Equqtions  (22)-(24)  are  used  in  Eq.  (20)  for  0  <  pj<  Assuming  a  cylindrically  symmetric  system. 


—  =  0  at  p  =  0 
3p 


Eq  (20)  becomes  (i.e.  j=0) 


(i+'KM,))a;o*'  -(i-iKM.oie;.  -♦(<», la",  =o. 


Pi 


(25) 


For  the  maximum  radial  value,  ie  p  =  pj,.,  Eq.  (20)  becomes 


e(03,)(2:;-, +[i-e(G),)]a-;'  +0(co,)!2;:;v-i  -[i+0(co,)fe =o, 


0(co,) 


A^k((o,) 
^PwCPiv  ~  Pai-i) 


(26) 


Using  Eqs.  (22)-(26),  Eq.  (20)  can  be  written  in  the  form 
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(27) 


Si(w,>9r’=S2(co,>^", 

^■'’  =  (<2"o. . 


and  E,  and  Ej  are  tridiagonal  matrices.  The  matrix  E,  is  composed  of  the  subdiagonal,  diagonal  and  superdiagonal  elements. 
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and  matrix  is  composed  of  the  subdiagonal,  diagonal  and  superdiagonal  terms, 
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(29) 


We  can  solve  a  tridiagonal  system  for  each  angular  frequency,  or  construct  a  super-matrix  to  solve  for  all  frequencies 
simultaneously.  Using  these  three  methods,  Eq.(17)  is  used  to  numerically  propagate  the  electromagnetic  field  in  the  nonlinear 
dispersive  medium.  In  the  limiting  case  of  the  nonlinear  Schroedinger  equation,  the  numerical  results  agree  well  with  analytic 
solutions. 
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ABSTRACT 


Laser  induced  damage  to  the  retina  may  produce  immediate  and  serious  loss  in  visual 
acuity  as  well  as  subsequent  recovery  of  visual  acuity  over  a  1  to  6  month  post  exposure 
period.  While  acuity  may  recover,  full  utilization  of  the  foveal  region  may  not  return.  In  one 
patient,  a  superior/temporal  preferred  retinal  location  (PRL)  was  apparent,  while  a  second 
patient  demonstrated  significant  foveal  involvement  and  contrast  sensitivity  more  reflective  of 
foveal  than  parafoveal  involvement.  These  conditions  of  injury  were  simulated  by  using  an 
artificial  scotoma  technique  which  optically  stabilized  a  5°  opacity  in  the  center  of  the  visual 
field.  The  transmission  of  spatially  degraded  target  information  in  the  scotoma  was  0%,  5% 
and  95%.  Contrast  sensitivity  for  the  0%  and  5%  transmission  scotoma  showed  broad  spatial 
frequency  suppression  as  opposed  to  a  bipartite  contrast  sensitivity  function  with  a  narrow 
sensitivity  ioss  at  3  cycles/degree  for  the  95%  transmission  scotoma.  A  PRL  shift  to  superior 
temporal  retina  with  a  concomitant  change  in  accommodation  was  noted  as  target  resolution 
became  more  demanding.  These  findings  suggest  that  restoration  of  visual  acuity  in  human 
laser  accidents  may  depend  upon  the  functionality  of  complex  retinal  and  cortical  adaptive 
mechanisms. 

Keywords:  Human  laser  injury,  primary  and  secondary  damage,  pseudofovea,  contrast 
sensitivity,  artificial  scotoma 


1.  INTRODUCTION 


Laser  induced  damage  to  the  macula  region  of  the  human  retina  causes  immediate  and 
serious  loss  of  visual  acuity.’  Remarkably,  many  of  these  investigations  of  either  human  or 
non-human  primate  photic  macular  damage  report  either  a  complete  or  partial  restoration  in 
visual  acuity,  with  restoration  generally  requiring  several  months.  One  potential  mechanism  for 
such  recovery,  proposed  by  Tso,^  suggests  that  damaged  photoreceptors  are  removed  and 
replaced  by  normal  photoreceptors  adjacent  to  the  damage  site.  Tso  based  this  suggestion  on 
sequential  studies  of  non-human  primates  having  laser  induced  macula  damage.  Animals 
examined  histologically  within  the  first  week  post  exposure  showed  damaged  and  missing 
photoreceptors  in  the  macular  area;  histological  examination  at  six  months  post  exposure 
revealed  normal  macula  with  apparent  restoration  of  the  photoreceptor  densities  within  the 
central  retina.  Other  studies  have  demonstrated  a  change  in  the  Stiles  Crawford  effect  with 
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macula  disease,  suggesting  that  normal  photoreceptor  orientation  within  the  macula  region  is 
another  photoreceptor  consideration  in  the  recovery  of  visual  acuity  in  addition  to  number  of 
photoreceptors  and  photoreceptor  packing  density.® 

Alternatively,  retinal  sites  of  equivalent  sensitivity  and  receptor  densities  might  exist  in  areas 
adjacent  to  the  macula  region.  Shifting  target  placement  away  from  damaged  areas  to  these 
sites  would  also  explain  recovery  in  visual  acuity  after  laser  induced  damage  to  the  macula.  In 
clinical  investigations  of  macular  disease  alternative  retinal  sites  appear  with  acuity  recovery.'* 
In  more  recent  investigations  utilizing  artificial  scotomas,  we  have  demonstrated  that 
superior/temporal  retina  may  be  a  preferred  retinal  location  (PRL)  especially  as  target 
recognition  size  becomes  small  requiring  foveal  like  receptor  resolution.®® 

Although  the  above  mechanisms  are  involved  in  recovery  of  visual  acuity,  recovery  may 
also  involve  alteration  in  primary  visual  cortical  neural  mechanisms.  In  previous  investigations, 
we  have  shown  that  Q-switched  induced  laser  macular  injury  is  represented  in  the  striate 
cortex.^  Neurophysiological  investigations  suggest  that  exposure  to  visible  laser  sources  can 
alter  central  nervous  system  visual  receptive  field  characteristics  in  vertebrate®  and 
mammalian  receptive  fields.®  Such  mechanism  could  compensate  for  peripheral  signal 
alterations  induced  by  acute  laser  injury  by  expansion  of  central  neural  coverage  of  weaker 
peripheral  input  from  non-existent  or  damaged  retinal  photoreceptor  systems.  Such  neural 
modulation  by  higher  visual  centers  could  play  a  significant  role  in  restoration  of  high  spatial 
frequency  visual  function  (i.e.,  visual  acuity). 

In  the  present  paper,  we  have  evaluated  two  patients  that  demonstrated  visual  acuity 
recovery  following  serious  laser  induced  macular  damage.  One  of  these  patients,  treated  with 
high  dose  steroids,  showed  significant  recovery  within  8  weeks  from  20/100  to  20/15  Snellen 
acuity  and  significant  recovery  of  contrast  sensitivity.  A  second  patient,  presented  with  20/100 
after  similar  laser  induced  damage,*®**  where  Snellen  acuity  recovered  to  20/17  within  6 
weeks  and  has  remained  stable  for  over  3  years.  No  pharmacological  treatment  was  given. 
Detailed  contrast  sensitivity  measurements  were  made  under  ophthalmoscopic  conditions  in 
these  two  patients  and  compared  with  normal  observers  whose  contrast  sensitivity  functions 
and  PRLs  were  measured  under  analogous  artificially  induced  central  retinal  scotoma 
conditions. 


2.  METHODS 

A  dual  Purkinje  Eye-Tracker  (Version  5)  was  used  to  provide  eye-movement  data  to  control 
an  artificial  scotoma.  The  eye-movement  data  was  in  the  form  of  vertical  and  horizontal  output 
voltages  that  were  used  to  control  the  position  of  the  scotoma.  The  scotoma  was  generated 
with  a  combination  of  three  image  processing  boards  that  provided  an  image  plane,  an  insert 
plane  for  placing  information  within  the  scotoma,  and  a  scotoma  mask  plane  which  allowed 
manipulation  of  scotoma  size,  shape  and  location  in  the  visual  field.  Absolute  scotomas  were 
created  by  displaying  a  black  or  gray  field  uniformly  over  the  insert  plane.  The  field  was 
produced  by  setting  the  pixel  gray  level  to  a  value  between  0  and  256.  A  very  dark  or  “black” 
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5°  central  scotoma  was  used  to  effectively  mask  the  entire  macula  region.  Relative  scotomas 
were  produced  by  placing  a  spatially  degraded  image  of  the  displayed  image  in  the  insert 
plane  at  a  fixed  value  of  the  recognition  threshold  for  each  Landolt  test  target.  All  degraded 
images  were  produced  by  band-passing  the  Fourier  spectrum  at  9  cycles/degree  with  a 
Butterworth  half  maximum  band-pass  of  about  4  cycles/degree.  The  insert  target  was  set  at 
either  5%  or  95%  of  the  recognition  threshold  for  each  Landolt  target  presented  in  the  image 
plane.  All  scotomas  were  5°  and  centered  in  the  subject’s  visual  field. 

Visual  recognition  sensitivity  functions  were  measured  for  standard  Landolt  ring  test  stimuli 
over  a  spatial  frequency  range  from  0.5  to  20  cycles/degree.  Contrast  for  the  presented 
stimuli  was  increased  by  0.1%  increments  every  500msec  beginning  at  0%  contrast  (gray 
field).  Contrast  was  defined  as  the  absolute  value  of  the  target  luminance  minus  the 
background  luminance  divided  by  the  luminance  of  the  target  plus  the  luminance  of  the 
background.  Landolt  ring  contrast  sensitivity  measured  in  a  Rodenstock  Confocal  Scanning 
Laser  Ophthalmoscope  (CSLO)  was  measured  using  an  identical  recognition  threshold  test 
paradigm  with  targets  modulated  into  the  SLO  raster  pattern  so  that  target  placement  could  be 
observed  simultaneously  with  retinal  lesion  sites  in  human  laser  accident  cases. Contrast 
sensitivity  measurements  were  made  in  two  laser  eye  injury  cases.  Both  had  bilateral 
accidental  induced  Q-switched  exposure.  FC(OS)  recovered  while  FC(OD)  remained  at 
20/100  and  exceeded  20/200  after  macular  hole  surgery.^^  Patient  AG  had  high  does  steroid 
therapy  initiated  within  4  hours  of  laser  injury.  Visual  acuity  in  both  OD  and  OS  returned  to 
20/15  within  4  to  6  weeks.  FC(OS)  and  AG(OD)  are  compared  in  CSLO  contrast  sensitivity  in 
this  paper. 


3.  RESULTS 


Figure  1 .  FC(OS)(len  image)  and  AP(OD)(right  Image)  CSLO  images 
showing  preferred  retinal  location  in  superiorrtemporal  retina. 


Figure  1  shows  CSLO  images  of  FC(OS) 

'  ^  i  and  AP(OD).  Target  placement  conditions 

are  indicated  by  Landolt  “C”.  FC(OS)  PRL 
is  just  superior  and  temporal  to  the  dark 
temporal  streak  shaped  lesion  laterally 
traversing  the  foveal  region  and  is 
consistent  with  previous  similar  estimates 
of  FC(OS)’s  PRL.^°  The  estimated  PRL  for 
AP(OD)  is  also  superior  but  less  temporal  and  may  frequently  center  on  the  superior  white 
lesion  area.  It  is  also  most  often  detected  at  this  site  for  the  highest  spatial  frequency  Landolt 
targets.  Figure  2  shows  FC(OS)  CSLO  contrast  sensitivity  functions  measured  at  19  months 
post-exposure,  similar  to  AP(OD)  at  3  days  and  reflect  parafoveal  contrast  sensitivity 
dominance  indicated  by  both  having  peak  sensitivity  at  <1  cycle/degree.  AP(OD)  at  2  months 
shows  an  increase  in  mid  and  high  spatial  frequency  contrast  sensitivity  indicating  an  increase 
in  more  central  retinal  function.  Figure  3  compares  chromatic  contrast  sensitivity  functions 
measured  under  short  wavelength  (“blue”  test  against  “blue”  background)  chromatic 
adaptation.  FC(OS)  shows  a  significant  peak  as  well  as  a  greater  overall  sensitivity  relative  to 
one  normal  observer  and  AP(OD). 
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Figure  3.  Chromatic  contrast  sensitivity  ftjnctions  (“blue"  background  &  test  target) 
pjgMre  2.  OSLO  post-exposure  functions  for  FC{OS)  and  AP(OD)  for  FC(OS),  AP(OD),  and  a  normal  subject  compared  to  baseline  achromatic  function. 


In  Figure  4,  the  mean  contrast  sensitivity  function  for  five  normal  human  subjects  is  shown 
relative  to  the  contrast  sensitivity  function  measured  in  the  presence  of  a  central  5°  absolute 
“black”  scotoma.  The  suppression  in  sensitivity  appears  across  the  entire  spatial  frequency 

axis  with  a  maximum  loss  at  3  cycles/degree.  In 
addition,  the  suppressive  sensitivity  effects  for  the 
95%  and  5%  relative  scotoma  conditions  are 
shown.  While  both  functions  show  a  broad  loss  in 
contrast  sensitivity  across  spatial  frequency,  the 
95%  scotoma,  which  passed  maximum 
information,  shows  a  notch  at  3  cycles/degree.  In 
Figure  5,  we  have  drawn  two  smooth  functions 
through  the  95%  function  with  peaks  at  1  and  4 
cycles/degree  suggesting  the  presence  of  two 
broadly  tuned  spatial  frequency  channels. 
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Spatial  Frequency  (cycles/degree) 

Figure  4.  Contrast  sensitivity  functions  for  absolute  and  relative 
simulated  scotomas 


Figure  6  shows  the  shift  in  the  preferred  retinal 
location  (PRL)  for  absolute  and  two  relative 
scotoma  conditions  and  the  no-scotoma  condition. 
All  scotoma  conditions  caused  a  shift  in  the  target 
PRL  into  superior  retina  and  a  small  shift  (not 
shown)  into  temporal  retina.  The  maximal  shift  is 
obtained  at  the  highest  spatial  frequencies  for  the 
absolute  scotoma  condition.  The  absolute 
scotoma  shows  a  0.8°  higher  placement  into 
superior  retina  than  either  relative  scotoma.  Even 
though  information  content  differs  significantly 


Spatial  Frequency  (cydes/degree) 

Figure  5.  Hypothesized  spatial  frequency  channels  as  indicated 
by  relative  scotoma  function. 
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between  the  two  relative  scotoma  conditions,  they  are  nearly  identical  in  their  change  with 
spatial  frequency. 

Figure  7  shows  a  corresponding  change  in  fourth  purkinje  voltage  with  spatial  frequency 
and  scotoma  condition.  An  increasing  negative  DC  voltage  is  amplified  with  scotoma  size  over 
all  spatial  frequencies  with  the  exception  of  the  highest  where  an  abrupt  switch  in  voltage 
polarity  appears.  This  relationship  suggests  an  alteration  in  accommodation  that  is  signaled 
by  loss  of  local  retinal  neural  output  resulting  from  artificial  spatial  occlusion. 


Figure  6.  Preferred  retinal  location  shifts  as  a  function  of  spatial  frequency 

for  absolute  and  relative  scotomas.  Figure  7.  DC  shift  In  4th  purkinje  plotted  against  spatial  frequency  for 

no-,  2°.  and  5®  scotoma  conditions. 

4.  DISCUSSION 

We  have  shown  in  these  two  human  laser  accident  cases  a  significant  resiliency  in  the 
restoration  of  normal  visual  acuity  following  acute  Q-switched  laser  induced  damage  to  the 
macula.  The  restoration  of  acuity  in  these  cases  suggests  that  regardless  of  treatment 
regime,  the  injury  process  itself  initiates  a  restoration  mechanism  capable  of  restoring  visual 
acuity  to  normal  levels.  In  explanation  of  this  recovery,  one  could  invoke  the  histological 
observations  of  Tso  suggesting  that  photoreceptors  adjacent  to  the  damaged  macula 
passively  repopulate  the  macula,  restoring  its  photoreceptor  density  sufficient  for  maximal 
restoration  of  visual  acuity.  However  direct  observations  of  small  target  placement  measured 
under  OSLO  conditions  suggest  that  a  shift  in  the  PRL  away  from  the  macula  has  occurred  to 
superior/temporal  retina.  While  some  believe  that  superior  retina  may  be  developmentally 
close  to  the  macula,  morphologically  it  does  not  appear  to  have  the  packing  density  required 
for  fine  visual  resolution.  Thus,  selection  of  a  new  PRL  in  itself  is  not  solely  sufficient  for 
maximal  acuity  restoration. 

The  absolute  degree  of  injury  to  the  fovea  may  play  a  significant  role.  AP(OD)  presented 
initially  with  bilateral  relative  central  scotomas.  High  dose  steroid  treatment  may  have 
minimized  the  deleterious  effects  of  injury  even  more  by  minimizing  free  radical  formation  and 
intra-retinal  scar  formation.  Contrast  sensitivity  suppression  measured  in  the  CSLO  for 
AP(OD)  are  indeed  very  comparable  to  contrast  sensitivity  suppression  for  the  analogous 
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simulated  relative  scotoma  condition.  Both  the  patient  and  simulated  relative  scotoma  function 
show  a  bipartite  function  over  the  spatial  frequency  scale,  suggesting  the  presence  of  at  least 
low  and  mid  to  high  spatial  frequency  mechanisms. 

On  the  other  hand,  only  the  low  spatial  frequency  system  is  apparent  in  FC(OS).  It  is 
possible  that  higher  spatial  frequency  mechanisms  are  indeed  active  but  not  well  reflected 
because  of  a  more  peripheral  PRL  than  that  of  AP(OD),  or  that  a  stronger  influence  of 
peripheral  retinal  suppression  from  parafoveal  receptor  systems  is  effecting  high  spatial 
frequency  mechanisms.  Figure  4  compares  the  “blue”  chromatic  adaptation  function  of 
FC(OS)  with  a  normal  human  subject  and  that  of  AP(OD).  FC(OS)  presents  with  maximum 
sensitivity  shifted  to  a  peak  at  1 0  cycles/degree.  This  shift  is  not  evident  in  the  normal  human 
subject  of  AP(OD).  We  suggest  that  this  function  reflects  an  increased  spatial  resolution  of 
superior/temporal  retinal  receptors  with  increased  high  spatial  frequency  resolution,  possibly 
due  to  morphological  alteration  to  superior/temporal  packing  densities  and  receptor 
orientation.  Such  alterations  in  receptor  packing  densities  and  receptor  orientation  are 
requisite  conditions  for  restoration  of  maximal  acuity  and  development  of  a  pseudofovea.  We 
speculate  that  the  observed  link  demonstrated  in  artificial  scotoma  experiments  between  the 
suppression  of  the  retinal  output  signal  to  higher  visual  centers  and  servo  control  from  these 
centers  of  local  accommodative  processes  may  alter  local  image  formation  in  the 
pseudofovea,  while  higher  order  central  receptor  fields  may  expand  their  areas  of  spatial 
integration  to  compensate  for  asymmetrical  neural  input  from  the  central  retina. 

In  summary,  we  have  discussed  the  oculomotor  and  neural  mechanisms  that  could  underlie 
the  development  of  a  pseudofovea.  We  have  reviewed  two  human  laser  accident  cases 
where  a  partial  and  more  complete  pseudofovea  developed.  In  both  cases,  full  restoration  of 
visual  acuity  occurred.  Artificial  scotoma  experiments  demonstrated  the  existence  of  several 
mechanisms  that  might  explain  pseudo  or  partial  pseudofoveal  development.  The  presence  of 
a  central  artificial  scotoma,  whether  absolute  or  transmissive  (relative  scotoma),  arbitrarily 
shifts  the  contrast  test  target  into  superior  and  slightly  temporal  retina.  Relative  scotomas  that 
allow  some  information  transmission  through  the  scotoma,  produce  a  suppression  in  the 
contrast  sensitivity  function  that  reveals  a  low  and  high  spatial  frequency  contrast  system. 
Both  low  and  high  spatial  processing  systems  are  required  for  restoration  of  visual  acuity  and 
may  be  retained  by  either  maintaining  as  much  foveal  function  as  possible  or  by  alteration  of 
receptor  density  and  orientation.  A  mechanism  for  the  latter  appears  to  exist  in  artificial 
scotoma  experiments  involving  scotoma  modulation  of  the  accommodative  process.  We 
suggest  similar  process  along  with  alteration  in  cortical  magnification  for  development  of  a 
functional  pseudofovea  capable  of  restoration  of  visual  acuity  as  reported  in  the  presented 
cases. 
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ABSTRACT 


Loss  of  foveal  vision  from  exposure  to  laser  light  or  retinal  disease  can  seriously  impair  visual  functions  like 
reading  and  visual  search.  Central  scotomas  produce  large  losses  in  visually  guided  performance  because 
central  vision  has  the  best  visual  resolution,  compared  to  more  peripheral  retina,  and  is  also  important  in 
the  normal  reflexive  pattern  of  eye  movement.  Relatively  small  central  field  scotomas  can  produce 
significant  impairments  in  visual  search  if  tasks  require  a  high  degree  of  foveal  vision  such  as  seeing  fine 
detail  or  discriminating  similar  contours  or  letters.  Subjects  faced  with  the  task  of  adapting  to  the  loss  of 
central  vision  sometimes  position  their  eyes  in  ways  which  are  either  asymmetrical,  not  optimum,  or  seem  to 
generate  abnormal  eye  movements,  even  after  extensive  practice.  Discussion  includes  oculomotor  drift,  error 
fixations,  hyper-eccentric  fixations  and  remedial  eye  positioning  strategies. 

Keywords:  scotoma,  macular  disease,  laser  injury,  eye  slaved,  eye  movement,  simulator 


1.  INTRODUCTION 


Loss  of  foveal  vision  from  disease  or  accidental  exposure  to  bright  light  seriously  impairs  visual  functions 
like  reading  and  visual  search.  Typical  human  scotomas,  areas  of  retina  which  become  relatively  insensitive 
to  light,  are  associated  with  retinal  diseases  like  macular  degeneration,  retinal  detachments,  infection  or 
Stargardfs  disease,  to  name  a  few.  Such  scotomas  are  produced  by  injury  or  death  of  receptors  or  neuronal 
pathways  and  are  often  permanent  The  widening  use  of  lasers  for  sighting,  range  finding,  and 
communications  also  poses  a  threat  to  human  vision  in  the  form  of  scotomas  from  retinal  exposure 
aftereffects,  either  from  permanent  tissue  damage,  or  bleaching  and  long  lasting  afterimages.  The  visual 
impairments  of  laser  induced  foveal  scotomas  may  limit  visual  functioning  as  much  as  an  advanced  disease 
process,  and,  have  been  identified  as  a  significant  and  evolving  problem^’^’^’^  during  military  operations  and 
training.  A  third  form  of  visual  loss  is  the  simulated  scotoma  which  is  produced  artificially  in  the  laboratory 
by  slaving  rapid  display  changes  to  eye  position  signals  from  a  sensor  and  can  be  used  to  analyze  some  of  the 
adaptive  processes  associated  with  visual  loss,  hopefully  leading  to  improvements  in  the  speed  and 
optimization  of  adaptation. 

Central  visual  field  scotomas  produce  losses  in  visually  guided  performance  because  central  or  foveal 
retina  has  the  best  resolution  compared  to  more  peripheral  retina®,  and  central  retina  is  also  important  in 
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the  normal  reflexive  pattern  of  eye  movement  which  brings  targets  detected  in  the  periphery  to  the  central 
retina  for  recognition.  After  loss  of  foveal  vision  some  subjects  may  spontaneously  employ  eccentric  viewing 
to  position  targets  of  interest  outside  of  the  central  scotomatous  region.  Foveal  vision  is  normally  distributed 
around  the  visual  scene  in  pauses  called  eye  fixations  at  about  three  per  second.  Each  fixation  is  followed  by 
a  flicking  eye  motion  called  a  saccade,  or  saccadic  eye  movement,  which  delivers  fovea  to  a  new  visual  filed 
location.  Eccentric  viewing  is  implemented  by  adapting  the  eye  fixation  position  aind  the  length  of  some 
saccades  to  avoid  landing  targets  in  the  scotoma.  The  optimum  unaided  eccentric  viewing  adaptation  is  to 
translate  the  landing  position  of  the  eye  for  each  movement  by  making  peripheral  to  peripheral  saccades, 
instead  of  the  normal  fovea  to  fovea  saccades,  while  maintaining  a  normal  saccade  length  or  saccade  gain. 
The  target  viewing  time  can  be  expressed  as  a  percentage  of  total  time  a  target  is  present,  where  eccentric 
viewing  positions  the  target  outside  the  scotoma  boundary.  Eccentric  viewing  is  not  easy  and  most  subjects 
still  make  mistakes  even  after  extensive  practice,  mainly  by  reflexively  fixating  the  target  with  the 
unresponsive  fovea. 

The  radius  of  a  circular  symmetric  scotoma  determines  the  minimum  distance  from  fovea  for  targets  to 
be  projected  just  outside  of  the  scotoma  boundary,  i.e.  the  optimum  eccentric  viewing  position.  Since  the 
density  of  receptors  falls  off  into  the  periphery,  the  larger  the  scotoma  radius,  the  greater  degree  of 
eccentricity  for  optimum  eccentric  viewing  and  the  lower  the  visual  resolution  available  for  detecting  and 
recognizing  targets.  However,  the  speed  or  accuracy  of  visually  guided  performance  is  also  determined  by 
the  demands  of  a  given  task.  Loosing  even  a  small  portion  of  the  central  retina  might  be  expressed  on  a 
continuum  from  an  aesthetic  impairment  or  mere  inconvenience  that  does  not  affect  performance  or 
oculomotor  control  to  an  information  blockade  that  may  bring  performance  to  zero. 

In  this  paper  I  wish  to  draw  a  distinction  between  an  adaptation  to  loss  of  central  vision  and  an 
impairment.  The  reason  for  making  this  distinction  is  for  improving  the  rationale  for  design  of 
countermeasures  or  remediation  of  the  effects  of  foveal  loss.  Under  some  circumstances  what  might  be 
considered  errors  in  eye  positioning,  or  incomplete  or  non-optimum  activity  may  have  strategic  value  to  the 
subject  in  adapting  to  a  scotoma,  especially  if  the  scotoma  is  changing  rapidly.  Five  processes  were 
identified  from  clinical  and  experimental  examination  that  could  control  target  viewing  time  and  eccentricity 
from  fovea:  1)  Asymmetric  eye  fixation  positions,  2)  Reflex  foveations  (scotoma  fixations),  3)  Scotoma 
nystagmus,  4)  Hyper-eccentric  eye  positions,  and  5)  Compromise  in  eye  position. 

2.  SCOTOMA  CHARACTERISTICS 


The  variety  of  retinal  lesions  can  make  experimental  analysis  difficult  by  introducing  such  extraneous 
variables  as  duration  of  injury,  depth  of  lesion  (absolute  v.  relative),  and  the  scotoma  spatial  characteristics: 
size,  position,  and  shape.  Simulating  a  retinal  scotoma  can  be  used  with  visually  normal  human  subjects  to 
establish  control  over  these  variables.  One  disadvantage  is  that  the  subject  with  a  simulated  scotoma  cannot 
have  the  long  history  of  visual  loss  and  adaptation  potentially  represented  in  the  clinical  population.  The 
simulated  scotoma  is  closer  in  abrupt  onset  to  the  injury  that  might  be  expected  in  an  accidental  exposure  to 
laser  light,  however.  The  same  retinal  injury  can  be  simulated  in  different  subjects  or  different  injuries  in 
the  same  subjects,  improving  the  control  over  experience,  motivation  and  other  individual  differences. 

In  the  simulation,  eye  position  data  is  linked  to  an  obscurant  area  through  a  computer  algorithm 
and  the  imagery  within  the  scotoma  boundary  is  either  erased,  replaced  or  distorted  (See  Figure  1).  The 
targets  within  the  boundary  can  be  eliminated  leaving  a  “black  hole”,  an  averaged  luminance  background,  or 
replaced  with  a  lower  contrast  version.  Metamorphopsia  associated  with  displacements  in  the  retinal  layers 
can  also  be  introduced  into  the  scotoma  boimdary  by  distorting  the  target  images  or  background.  The 
accuracy  and  linearity  of  the  eye  position  sensor  data  is  important  especially  for  simulating  foveal  scotomas 
where  small  errors  in  scotoma  positioning  are  clearly  visible  to  the  subject  as  an  offset  from  foveal  center. 
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Some  disease  processes  and  laser  exposure  can  produce  a  sharp  fall  off  in  acuity,  5delding  a  sharp 
edged  scotoma,  while  the  visual  function  loss  from  a  long  lasting  afterimage  may  be  better  represented  by  a 
graded  edge  scotoma.  The  graded  edge  scotoma  may  reduce  the  spatial  transient  signals  as  its  boundary 
crosses  targets,  i.e.  the  targets  gradually  disappear,  making  it  more  difficult  for  the  subject  or  an  examiner 
to  assess  the  exact  extent  of  the  functional  loss  at  the  edge.  A  sharp  edged  scotoma  is  likely  to  supply  better 
information  about  the  spatial  extent  of  the  scotoma  for  use  by  adaptive  processes.  By  changing  the  scotoma 
algorithm  the  central  symmetric  scotoma  can  be  compared  to  an  annulus  which  will  block  peripheral 
information  rather  than  central.  This  allows  a  comparison  of  the  contribution  of  central  v.  peripheral 
information  to  the  visual  performance.  Previous  work  demonstrates  the  much  greater  effect  of  a  small 
central  scotoma  compared  with  even  very  large  annular  obscurant  blocking  information  in  the  peripheral 
field.  The  reason  is  plainly  that  much  less  information  is  being  retrieved  from  the  peripheral  field. 

The  results  of  several  different  tasks  will  be  used  to  describe  the  adaptations  and  impairments 
associated  with  scotomas.  The  simplest  is  a  steady  eccentric  fixation  task  in  which  a  single  stationary  target 
placed  in  the  center  of  a  visual  display  is  instructed  for  eccentric  viewing  across  a  set  of  conditions  with 
different  scotoma  sizes.  To  increase  the  task  demands,  sometimes  a  rapidly  changing  series  of  numbers  is 
displayed  in  the  single  0. 3-2.0  degree  window  and  the  subject  must  recognize  a  target  number(s).  In  a  free 
visual  search  task,  a  matrix  of  acuity  targets  are  presented  on  a  raster  display  and  the  subject  is  free  to 
search  until  a  target  gap  is  detected.  A  variant  task  is  search  for  an  instructed  target  letter  among  an  array 
of  alpha  numeric  elements  which  are  scattered  randomly  over  the  display  surface.  The  third  task  type  is 
referred  to  as  instructed  scanning,  including  both  single  line  text  reading  and  a  saccade  alternation  task.  In 
saccade  alternation  two  target  positions  (1-15  degree  separation)  are  fixated  alternately,  with  different 
target  separations  and  scotoma  sizes.  Smaller  separations  and  larger  scotomas  yield  conditions  under  which 
both  targets  are  obscured  unless  the  subject  takes  a  third  eccentric  fixation  position,  requiring  a  compromise 
in  looking  position. 


Figure  1.  Schematic  diagram  of  eye 
position  sensor  (Dual  Purkinje 
tracker),  analog  data  filter,  analog  to 
digital  conversion,  and  eye  position 
controlled  video  display.  The 
subject’s  right  eye  movements  are 
measured  and  the  analog,  filtered 
outputs  for  horizontal  and  vertical 
eye  movements  are  fed  to  a  software 
calibration  look-up  table  to  index 
display  positions  in  minarc.  Scotoma 
movements  are  programmed  from 
settings  for  scotoma  radius,  offset  (if 
any)  from  fovea,  and  shape  and 
contrast.  Visual  targets  and  the 
scotoma  are  presented  on  the  same 
visual  display.  A  disadvantage  of  the 
Purkinje  eyetr acker  is  the  use  of  a 
dental  mold  to  steady  the  head  and 
non-linearities  and  track  loss 
problems. 


Soilware  conlrol  oi  video 
mixing 
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3.  IMPAIRMENTS  AND  ADAPTATIONS 


Adaptation  is  triggered  by  detection  of  loss  of  vision.  The  subject  must  endure  a  sufficient  period  of  loss  of 
vision  and  make  enough  error  eye  movements  which  obscure  the  target  to  plot  the  boundary  of  the  scotoma. 
The  next  step  is  to  discover  the  best  method  of  eccentric  viewing.  In  addition,  if  the  scotoma  is  dynamic, 
such  as  a  fading  afterimage  where  the  scotoma  may  be  shrinking  in  size,  the  subject  must  periodically 
overreach  the  current  optimum  eccentricity  to  discover  that  it  is  possible  to  bring  the  target  closer  to  fovea. 
Of  course,  some  conditions  can  be  created  which  make  the  presence  of  a  scotoma  undetectable.  For  example, 
when  the  background  in  the  visual  display  closely  matches  the  perceived  color  and  luminance  in  a  bright 
flash  afterimage.  The  afterimage  boundary  may  be  invisible  imtil  a  target  disappears  inside  it.  Therefore,  to 
trigger  adaptation  and  to  maintain  a  good  degree  of  adaptability  more  eye  movements  and  mistakes  must  be 
made  than  would  be  considered  optimum  for  fixed  conditions. 

For  two  dimensional  displays,  a  variety  of  oculomotor  changes  show  the  sensitivity  of  the  system  in 
responding  to  loss  of  central  vision.  For  example,  the  duration  of  eye  fixations  generally  increase  with 
scotoma  size  as  much  as  15%.  The  number  of  error  fixations  which  is  initially  very  high  also  decreases 
rapidly  as  adaptation  proceeds.  Saccade  lengths  change  depending  on  conditions  with  a  simulated  scotoma. 
The  accuracy  of  eye  fixations  adapts  to  a  much  better  degree  than  saccades.“  Error  fixation  position  can 
range  from  the  scotoma  center  on  the  target  (scotoma  fixation)  to  the  scotoma  edge  just  covering  the  target 
(error  fixation).  Both  error  types  can  mask  the  target  completely  and  bring  the  flow  of  visual  information  to 
zero.  There  may  be  an  increase  in  contrast  sensitivity  thresholds. It  should  be  noted  that  artificial 
scotomas  positioned  across  the  foveal  region  of  the  retina  are  accompanied  by  a  reduction  in  the  motor 
component  of  convergence  and  divergence,.®’^®  although  this  is  not  of  immediate  concern  to  the  present 
approach. 


Level  of  D  ifficulty 


Figure  2 

Visual  search  time  and  eye  fixation  duration  for  acuity  targets  with  3  or  6  minarc  gaps.  The  level  of 
difficult  was  a  combination  of  search  element  density  and  relative  contrast.  The  most  difficult  task 
(level  4)  was  to  search  for  a  small  (3  minarc)  gap  of  low  contrast  in  a  dense  display  (99  non-target 
elements).  The  large  impairments  in  search  and  significant  increases  in  eye  fixation  duration  were 
found  even  though  the  simulated  scotoma  was  only  20  minarc  in  diameter.  (N=23) 


Scotoma  size  and  fixation  duration 

The  most  salient  characteristic  of  the  scotoma  is  its  size.  Simulated  loss  of  a  small  (20  minarc)  area  of  the 
central  visual  field  was  associated  with  a  doubling  in  the  search  time  and  under  some  conditions  significant 
(15%)  increases  in  eye  fixation  duration  (See  Figure  2).  This  supports  the  idea  that  relatively  small  central 
field  scotomas  can  produce  large  impairments  in  visual  search  if  tasks  require  a  high  degree  of  foveal 
vision.^  During  reading  single  lines  of  text  (See  Figure  3)  where  the  eye  movement  path  is  very  well  defined. 
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as  scotoma  size  increases  from  0  to  5,6  degrees  in  diameter,  eye  fixation  duration  increases  from  about  200 
msec  to  over  400msec^l  It  appears  that  task  conditions  which  require  more  foveal  vision,  such  as  fine  detail 
or  letters,  are  more  sensitive  to  the  impairing  effects  of  a  foveal  scotoma.  If  foveal  vision  is  not  critical  to  a 
task,  a  foveal  scotoma  has  very  little  effect,  e.g.  in  visual  search  for  targets  with  relatively  large  gaps,  high 
contrast  and  with  small  scotomas. 


Figure  3 

Reading  lines  of  text  with  scotoma.  Increases  in  scotoma  size  produce  an  increase  in  average 
eye  fixation  duration  from  200  msec  to  430  msec,  as  scotoma  size  increases  up  to  5.6  degrees 
(diameter).  Reading  time  increased,  comprehension  (number  of  recalled  words)  declined,  and 
saccade  length  decreased-until  it  appeared  that  the  subjects  were  decoding  letter  by  letter. 
Reading  text  differs  from  steady  eccentric  fixation  in  that  the  information  acquired  in 
reading  English  is  generally  considered  to  be  from  the  right  of  fixation,  but  during  steady 
fixation  tests  subject  preferred  to  take  information  from  the  left  of  fixation.  (N=4) 


Asymmetry  in  preferred  viewing  position 

Subjects  faced  with  the  task  of  adapting  to  the  loss  of  central  vision  sometimes  position  their  eyes  in  ways 
which  are  either  asymmetrical,  not  optimum,  or  seem  to  generate  abnormal  eye  movements  even  after 
extensive  practice.  There  are  preferences  in  viewing  position  in  patient  populations  with  clinical  scotomas  in 
which  the  eccentric  viewing  adaptation  has  had  years  to  develop.  Cummings  et  al^^  found  that  72%  of 
patients  with  a  central  visual  loss  had  developed  a  single,  strongly  preferred  viewing  position  outside  of  the 
scotoma.  Timberlake,  et  aT^  also  determined  that  patients  with  long  standing  macular  disease  tend  to  use  an 
area  adjacent  to  the  scotoma  for  eccentric  viewing,  called  a  preferred  retinal  locus  (PRL).  However,  their 
PRL  was  not  necessarily  as  close  as  possible  to  the  foveola,  i.e.,  their  strategy  did  not  maximize  resolution. 
White  and  Bedell^^  further  determined  that  macular  disease  scotomas  of  5,  10,  or  20  degrees  were  associated 
with  a  preferred  fixation  area  but  re-referencing  of  eye  movements  to  these  areas  was  incomplete. 

In  a  study  of  spontaneous  adaptation  to  a  simulated  scotoma  in  six  normal  subjects,  there  was  a 
marked  preference  to  consistently  position  the  scotomatous  fovea  out  of  the  way  to  the  upper  right  relative  to 
the  target  (See  Figure  4)  even  when  subjects  were  free  to  look  anywhere  they  choose.  The  subjects  were 
required  to  hold  the  stationary  target  in  clear  view  with  a  2.5  degree  scotoma  across  their  fovea  which  moved 
over  background  grid  lines.  This  consistent,  preferred  fixation  position  translates  into  maintaining  the 
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target  on  the  superior  temporal  retina  and  as  close  to  the  scotoma  border  as  possible,  i.e.  in  the  highest 
available  resolution  retina.  It  is  probably  no  coincidence  that  clinical  reports  indicate  that  patients  are  much 
more  likely  to  notice  deficits  in  vision  when  laser  treatment  or  disease  creates  visual  loss  on  the  superior 
retina.  This  makes  sense  since  the  superior  retina  receives  much  more  input  from  below  the  horizon  field 
where  there  are  more  visual  signals  for  daily  activities.  However,  there  are  many  asymmetrical  functions 
and  cellular  architectures  across  the  retinal that  might  be  used  to  explain  the  left  right  asymmetry,  such 
as,  left-right  biases  from  reading  habits,  cerebral  hemisphere  asymmetries  for  input  and  spatial  attention, 
and  the  position  of  the  optic  nerve. 


Figure  4 

Composite  map  of  eye  position  samples  for  six 
subjects.  The  subjects  attempted  to  keep  a  central 
target  cross  (located  at  intersection  of  lines)  in 
clear  as  possible  view  for  a  total  of  about  300  sec 
with  a  2.5  degree  simulated  scotoma  across  their 
fovea.  Density  of  crosshatching  indicates 
increasing  %  fixation  positions.  An  asymmetry  is 
obvious  in  the  scatter  of  eye  positions  which  were 
freely  chosen  by  these  naive  subjects.  All  subjects 
claimed  that  the  upper  right  fixation  position 
"felt"  easier  than  anywhere  else.  Clusters  of  eye 
positions  near  the  center  represent  the  most 
common  error:  fixating  the  target  with  the 
scotoma.  Darker  areas  show  greater  total  fixation 


Minutes  of  Arc 


time.  (N=6) 


Scotoma  nystagmus  and  drift. 

During  adaptation  to  a  foveal  scotoma,  stable  eccentric  fixation  and  prolonged  eye  fixation  durations  may  set 
the  stage  for  the  onset  of  drift  or  the  slow  phase  of  scotoma  nystagmus  (See  Figure  5  &  6).  These  slow 
movements  during  eccentric  viewing  range  from  drift  movements,  some  lasting  15  seconds,  to  repeated 
nystagmus-like  movements  consisting  of  drift  with  a  saccadic  return,  called  scotoma  nystagmus.  Unlike 
other  forms  of  nystagmus  (optokinetic  or  vestibular)  this  scotoma  "nystagmus"  can  be  interrupted  with 
verbal  instructions  to  make  saccades.  The  significance  of  such  movements  is  that  they  redefine  the  eccentric 
viewing  position  as  a  track. 

Steinman  and  Cunitz”  detected  such  drift  eye  movement  while  two  subjects  used  eccentric  viewing 
with  a  physiological  scotoma  and  implicated  them  in  the  fluctuating  visibility  of  targets  first  noticed  by 
Simon.'®  They  suggested  that  the  drift  movements  were  directed  towards  a  target  disappearance  point  and 
that  the  drift  mechanism  is  guided  by  some  retinal  architecture  or  normal  motor  habit  for  fixation  control. 
Whittaker,  Budd  and  Cummings'®  found  drift  eye  movements  with  scotomas  in  three  more  subjects  and 
showed  that  drift  slow  phase  can  be  consistently  towards  other  directions  than  the  target,  i.e.,  the  normal 
fixation  locus.  Whether  drift  was  target  directed  or  not  was  idiosyncratic. 

Bertera“'^'  measured  eye  movements  during  the  early  scotoma  adaptation  period  and  found  repeated 
drift  movements  with  normal  subjects  with  simulated  scotomas.  Five  subjects  emitted  drift  eye  movements 
with  saccadic  returns,  but  only  after  the  initial  period  of  adaptation  when  error  saccades  were  minimized 
and  the  eccentric  viewing  position  "settled  down"  to  a  stable  vantage  point.  All  the  subjects  showed  periods 
exclusively  of  drift  which  brought  the  scotoma  edge  near  an  optimum  position  to  the  target  followed  by 
saccade  returns,  similar  to  jerk  nystagmus.  The  target  directed  drift  movements  were  strategic  since  they 
often  ended  before  the  scotoma  actually  obscured  the  target.  The  subject  in  Figure  5  shows  a  typical  drift 
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amplitude  of  about  one  degree.  The  drift  velocity  ranged  from  20  to  120  minarc/s.  Drift  was  a  significant 
portion  of  the  total  viewing  time,  averaging  58%. 


Figure  5 

Eye  drift  and  eccentricity  from  target  (minarc).  At  120  minarc,  the  optimum  eccentricity,  the 
target  is  visible.  Repeated  termination  of  drift  as  the  scotoma  boundary  approaches  the 
target  generates  a  jerk  nystagmus  pattern.  To  avoid  covering  the  target  the  subject  must 
estimate  the  distance  from  fovea  to  target  (or  from  scotoma  edge  to  target).  The  subject 
learns  the  extent  of  the  scotoma  boundary  when  a  target  disappears  inside  it. 

Figure  6 

Eye  drift  track  and  drift  velocities  show  a 
form  of  “scotoma  nystagmus”.  Horizontal 
eye  drift  stops  as  target  approaches  the  30 
minarc  scotoma  boundary  (line  at  30). 
Drift  is  strategic  since  it  terminates  about 
10  minarc  before  the  scotoma  boundary 
crosses  the  target.  The  drift  appears  to  be 
under  enough  control  to  be  used  to  limit 
error  fixations  at  the  end  of  saccadic  eye 
movements.  Estimation  of  the  distance 
from  the  scotoma  boundary  to  the  target 
may  be  made  with  previous  feedback  from 
boundary  crossings  and  target 
disappearance  or  spatial  mapping  on 
retina.  There  are  still  residual  error 
saccades  but  most  are  too  short  to  bring 
the  scotomatous  fovea  near  the  target. 
The  drift  velocity  is  20  to  80  minarc/s, 
compared  to  some  fast  phase  saccade 
velocities  at  around  1000  minarc/s.  A 
higher  drift  velocity  was  t3rpical  early  in  a 
2  minute  trial.  (N=l) 
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Hyper-eccentric  viewing  with  drift,  steady  fixation  and  saccades. 

The  drift  or  scotoma  track  moves  the  average  viewing  position  away  from  fovea  towards  more  peripheral  or 
hyper- eccentric  retina  with  poorer  acuity.  A  drift  or  nystagmus  track  of  60  minarc  would  position  the 
eccentric  viewing  point  60  minarc  farther  from  the  target  than  necessary,  for  example,  with  a  120  minarc 
radius  scotoma.  Hyper-eccentric  adaptation  to  scotomas  has  the  effect  of  enlarging  the  scotoma  so  that  the 
spot  size  on  the  retina  is  an  underestimate  of  the  impairment.  It  is  well  known  that  the  ophthalmoscopically 
visible  area  of  injury  on  retina  may  not  be  the  full  extent  of  the  area  of  visual  dysfunction.  It  appears  that 
scotoma  nystagmus  may  serve  also  to  expand  the  functional  scotoma  beyond  the  tissue  damage  dimensions. 

There  are  at  least  two  possibilities  for  enlarging  the  functional  scotoma  by  adjusting  the  eccentric 
viewing  position,  so  that  targets  fall  farther  than  needs  be  from  the  scotoma  boundary.  The  first  is  through 
the  scotoma  nystagmus  shown  above,  through  the  return  saccades  that  reset  the  eye  position  for  another 
drift  towards  the  target.  The  second  hyper-eccentric  adaptation  could  to  be  due  to  overestimate  of  the 
scotoma  size  (See  Figure  7)  along  with  a  lack  of  exploration  of  the  scotoma  boundary.  Such  overestimates 
could  be  associated  for  example  with  a  shrinking  scotoma  caused  by  recovery  from  bleaching  and  the  fading 
of  a  light  afterimage.  On  the  other  hand,  underestimating  the  scotoma  size  could  be  associated  with  an 
emerging  scotoma,  developing  from  increasing  retinal  edema. 


Figure  7 

This  subject's  eye  positions  show  paradoxical  hyper-eccentric  fixations  -  while  the  scotoma  is 
only  60  mm  radius  the  main  fixation  cluster  is  approximately  3  times  farther  from  the  target 
than  necessary.  This  subject  was  given  a  larger  scotoma  on  previous  trials  and  had  very 
stable  fixation  position.  When  the  scotoma  became  smaller  the  subject  did  not  adapt  because 
no  feedback  indicated  that  the  eccentric  fixation  position  should  be  adjusted  inwards  to 
optimize  the  viewing  position  Verbal  instructions  that  the  scotoma  is  smaller  produce  fast 
correction  to  paradoxical  eccentric  fixation. 

Saccades  and  steady  fixation  are  affected  quite  differently  by  a  scotoma.  If  a  subject  tries  to  fixate  a  single 
stationary  target  in  peripheral  vision  there  are  two  processes  which  must  be  accounted  for.  Adjusting  the 
eye  position  in  small  trial  and  error  increments  imtil  the  target  is  visible  near  the  scotoma  edge  is  required 
as  the  first  step.  Once  an  alignment  to  the  target  has  been  achieved  the  subject  may  need  only  to  inhibit  the 
reflexive  tendency  to  fixate  the  target  with  the  scotomatous  fovea.  However,  if  the  target  is  moving,  either 
smoothly  or  in  jumps,  the  subject  must  update  their  eye  position  with  saccades  to  maintain  an  optimum 
eccentric  viewing  position. 

When  the  target  moves,  e.g.  once  per  second,  the  subject  is  required  to  make  a  series  of  saccades  to 
keep  the  target  on  an  eccentric  viewing  position.  At  each  landing  or  fixation  the  subject  must  detect  the  new 
target  position,  program  a  saccade  of  the  right  length  depending  on  the  current  eye  position,  and  finally  land 
and  check  to  see  if  the  target  is  outside  of  the  scotoma  boundary.  This  problem  was  examined  in  an  animal 
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modef^  by  ablating  fovea  bilaterally  in  monkeys.  When  required  to  maintain  a  steady  eccentric  view  to  a 
single  stationary  target,  adaptation  of  fixation  position  was  rapid  and  the  animal  was  able  to  maintain  the 
target  outside  of  the  scotoma  boundary,  much  like  the  human  subjects  with  a  simulated  scotoma.  However, 
in  a  second  saccade  tracking  task,  the  target  shifted  around  the  display  requiring  repeated  saccades  to 
maintain  the  target  in  view  outside  of  the  scotoma.  Here  the  subjects  showed  little  adaptation  and 
continued  to  make  foveations  with  the  scotoma  area. 


Compromises  in  eye  positioning 

It  seems  that  fixation  adapts  but  saccades  do  not.  The  reason  probably  lies  in  the  processes  of  computing  a 
landing  position  in  the  periphery  and  in  defeating  the  reflex  to  land  with  fovea,  which  must  be  accomplished 
just  before  the  saccade  starts.  However,  the  recorded  eye  positions  below  (See  left  panel)  show  that  subjects 
are  able  to  orient  their  saccades  to  two  targets  and  achieve  a  position  which  makes  both  targets  visible  from 
a  single  eccentric  vantage  point.  However,  these  scotoma  saccades  are  not  accurate  enough  to  position 
targets  on  the  optimum  spared  retina. 


Figure  8.  Instructed  eccentric  fixation  positions  with  a  120  minarc  scotoma.  Subject  was 
instructed  to  look  to  the  right  of  the  targets  in  a  two  saccade  pattern  (left  panel)  or  on  the 
inner  side  of  the  targets  (right  panel).  This  back  and  forth  motion  produced  an  inaccurate 
scatter  of  eye  positions.  Minimum  eccentricity  from  target  for  target  visibility  places  fovea 
(and  scotoma  center)  on  dotted  circle  line. 


4.  STRATEGY  FOR  EYE  POSITIONING  AND  VISUAL  AIDS 


Five  processes  were  presented  above  that  are  present  during  the  adaptive  response  to  a  central  scotoma  and 
may  contribute  to  controlling  target  viewing  time  and  eccentricity  from  fovea.  They  were:  1)  Asymmetric  eye 
fixation  positions,  2)  Reflex  foveations  (scotoma  fixations),  3)  Scotoma  nystagmus,  4)  Hyper-eccentric  eye 
positions,  and  5)  Compromise  in  eye  position.  These  processes  can  be  viewed  as  residual  deficits  or  as  the 
active  capacity  for  change  in  the  oculomotor  system.  Viewed  as  active  processes,  it  should  be  expected  that 
any  strategy  for  compensating  for  the  loss  should  address  them,  and  ideally,  employ  whatever  advantages 
possible  by  incorporating  them.  The  objective  is  to  increase  viewing  time  and  optimum  eccentricity. 
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Figure  9.  Panel  Left-Three  vantage  points  for  steady  eccentric  fixation  depending  on  target 
configuration.  Single  target  with  grayed  image  of  scotoma.  Middle:  Two  targets  with  scotoma  sized 
to  “fit”  between  them  so  both  are  visible.  Right:  Two  targets  with  large  scotoma;  to  make  both 
visible;  eccentric  fixation  point  must  be  shifted  upwards,  a  compromise  position.  Panel  Right- 
Examples  of  eye  positions  with  two  target  compromise  positions,  making  both  targets  visible. 

Saccade  braking  and  image  shifting  are  two  strategies  that  could  be  of  value  in  adaptation  to  visual 
loss.  Both  employ  limited,  volimtary  saccadic  eye  movements  to  discover  the  scotoma  boundary,  and  to 
minimize  reflex  foveations,  drift,  and  hyper-eccentric  fixations.  The  effect  of  saccade  braking,  first  described 
generally  by  Dell'Osso,  relies  on  the  mutual  incompatibility  of  voluntary  saccades  and  drift.  By  making 
periodic  voluntary  saccades  the  subject  prevents  drift  and  retains  more  control  over  the  oculomotor  system. 
In  image  shifting,  the  portion  of  the  central  visual  field  corresponding  to  the  scotoma  is  copied  into  a 
computer  memory  and  is  rapidly  re-displayed  on  the  highest  resolution  peripheral  retina  outside  of  the 
scotoma  area.  The  following  functions  can  be  implemented  within  a  presently  attainable  hardware-software 
system;  copy  the  current  image  under  the  scotoma,  save  it,  and  shift  and  re-display  the  image  at  a 
peripheral  location,  then,  replace  the  image  to  its  true  location  and  erase  the  shifted  copy,  after  an  eye 
movement  moves  the  scotoma  to  a  new  location  (See  Figure  10.).  Image  shifting  uses  the  normal  pattern  of 
peripheral  attention  to  foveal  fixation  as  a  designator  to  direct  the  electronic  image  shift  system.  Instead  of 
trying  to  break  up  or  inhibit  the  normal  reflexive  pattern  of  eye  movement  that  brings  peripheral  targets  to 
fovea,  the  image  shift  method  employs  the  reflex  to  designate  the  targets  of  interest. 

An  important  variable  in  selection  of  the  peripheral  area  for  the  image  transplant  area  is  the 
relationship  between  the  size  of  the  scotoma  image  and  the  size  of  the  anticipated  targets.  Scotomas  smaller 
than  a  target  image  would  require  mutilation  of  the  target  image  in  an  image  transplant  operation  if  only 
the  scotoma  area  were  copied  and  shifted  to  peripheral  retina.  A  partial  remedy  for  such  image  truncation 
may  be  found  in  an  image  shift  system  which  transplants  as  large  an  image  as  feasible  to  the  periphery  no 
matter  what  the  scotoma  size.  The  choice  of  the  position  for  the  transplant  area  is  the  preferred  viewing 


Figure  10.  Image  shifting  between  two  alternately  fixated  targets.  Panel  Left:  An  eye 
fixation  to  the  left  target  obscures  it  requiring  the  target  to  be  shifted  graphically  to  a 
preferred  eccentric  viewing  position.  Panel  Right:  An  eye  fixation  to  the  right  target, 
obscures  it,  requiring  another  image  shift  to  the  PRL,  but  also  a  replacement  of  the  shifted 
left  target  image. 
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There  are  several  advantages  to  an  automated  image  shifting  method  over  unaided  eccentric  viewing 
to  compensate  for  central  visual  loss.  First,  there  is  consistency  in  maintaining  reflexive  pattern  of  eye 
movement  that  brings  peripheral  targets  to  fovea;  the  image  shift  method  employs  the  reflex  to  designate  the 
targets  of  interest.  After  an  area  of  interest  has  been  designated,  a  computerized  graphic  controller  can  then 
rapidly  re-display  the  area  in  a  position  outside  of  the  scotoma.  A  zero  delay  between  eye  position  change 
and  image  shift,  the  ideal,  is  only  possible  in  a  case  of  true  retinal  lesion  or  with  an  afterimage  from  strong 
light  sources.  While  such  a  close  linkage  of  eye  movement  and  image  jumps  might  be  useful,  repeated  image 
jumps  could  stimulate  the  visual  motor  and  information  processing  systems  with  many  temporal  transients. 
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ABSTRACT 


Previously  we  have  shown  that  visual  deficits  can  be  produced  by  long  (msec)  duration  pulses  at  or  slightly  below 
traditional  threshold  levels  for  retinal  injury.  Initially  the  deficits  produced  were  only  transient  shifts  in  baseline  acuity 
that  lasted  less  than  30  min,  but  successive  exposures  over  a  period  of  days  at  these  same  power  levels  were  shown  to  be 
cumulative  and  their  impact  on  visual  acuity  lengthened  and  became  permanent  The  present  investigation  extended 
these  exposures  to  Q-switched,  532  nm  Nd/YAG  pulses  presented  to  awake,  task-oriented  nonhuman  primates 
performing  Landolt  ring  discriminations  At  and  above  the  ED50,  single  ptilses  of  minimal  ^t  diameter  (50  p)  produced 
only  minor,  transient  shifts  in  visual  acuity  while  repeated  exposures  produced  significant  shifts  in  acuity  that  became 
permanent  over  time.  At  lower  energies  (lOX  below  the  EDso  level),  minimal  spot,  single-pulsed  exposures  again 
produced  little  observable  consequence  until  either  retinal  spot  sizes  or  number  of  pulses  were  increased.  At  these  lower 
energy  levels,  however,  no  permanent  functional  loss  was  observed.  Hence,  the  functional  impact  of  single  Q-switched 
pulses  was  more  difficult  to  assess  than  longer  time  domain  exposures.  Multiple,  low  level  Q-switched  pulses,  and/or 
larger  spot  sizes  produced  visual  deficits  similar  to  those  observed  for  msec  time  domain  exposures,  suggesting  both 
temporal  and  spatial  surrrmation  at  energy  levels  where  no  permanent  effects  have  been  noted. 


Keywords:  laser  irradiation,  functional  deficits,  visual  acuity,  rhesus  monkeys,  transition  zone,  flash  blindness,  visual  loss 

1.  INTRODUCTION 


Traditional  fimdoscopic  and  histological  studies  have  provided  clear  evidence  for  the  presence  and  location  of 
morphological  insult  that  results  from  relatively  intense  retinal  exposures.^’  ^  These  studies  typically  have  been  used  to 
derive  laser  damage  thresholds  for  single  or  multiple  exposures.  These  thresholds  are  most  applicable  to  those  exposure 
situations  in  which  the  energy  is  presented  over  a  very  limited  time  period.  Somewhat  ignored  in  these  traditional 
standards  for  laser  safety  has  been  the  consequences  that  relatively  low  level  energy  exposures  might  produce  if  they  were 
repetitively  presented  over  a  period  of  days,  weeks,  or  months  and  if  their  impact  was  assessed  using  a  functional  rather 
than  morphological  criterion.  Previously  we  have  demonstrated  the  importance  of  using  a  functional  measure  even  when 
presenting  brief,  spatially  discrete  CW  exposures  at  or  near  the  MPE.  In  these  studies  significant  visual  deficits  were 
observed  for  energy  densities  below  the  EDso  that  were  of  both  a  transient  and  prolonged  nature.  Single-pulsed,  minimal 
spot  diameter,  Q-switched  exposures  produced  more  elusive  functional  results  and  failed  to  demonstrate  any  significant 
permanent  functional  deficit  even  at  power  densities  above  the  ED50.  Increasing  the  area  of  retinal  involvement  either  by 
using  multiple  pulses  or  larger  diameter  spots,  however,  has  resulted  in  prolonged  functional  deficits  of  the  type  observed 
using  CW  lasers.^  For  example,  we  have  ^monstrated  that  daily  exposure  to  power  densities  at  or  below  a  transition  zone 
between  temporary  and  permanent  functional  loss  become  additive  resulting  in  longer  recovery  times  for  each  successive 
exposure  at  ^e  same  power  level.  The  additivity  of  successive  exposures  at  the  transition  zone  was  most  easily  observed 
when  relatively  large-diameter  (>100  p),  prolonged  CW  (100  msec)  retinal  exposures  were  made.  When  relatively  small 
diameter  (<50  p)  Q-switched  (15  nsec)  exposures  were  presented,  significant  decreases  in  acuity  were  less  detectable  even 
with  relatively  intense  exposures  presented  as  single  or  multiple  pulses  with  or  across  test  sessions.  '* 

Different  damage  mechanisms  have  been  proposed  to  explain  variations  in  the  severity  and  location  of  the  elicited  damage. 
Generally,  a  thermal  model  has  been  attributed  to  those  changes  resulting  fiom  relatively  long  duration,  low  energy 
exposures  to  long  wavelength  coherent  light.  On  the  other  hand,  mechanical  damage  mechanisms  have  typically  been 
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associated  with  extremely  high  energy,  short  duration  (Q-switched)  pulses.  As  morphological  techniques  for  detecting 
minimal  retinal  alterations  have  been  refined,  the  energy  levels  necessary  to  produce  threshold  damage  have  decreased. 
Furthermore,  the  site  of  minimal  damage  has  shifted  to  examinations  of  the  fine  structure  of  the  photoreceptor  outer 
segments.^’  ’’  Since  the  site  of  morphological  disruption  observed  is  the  location  where  the  initial  transduction  of  light 
energy  to  electrochemical  energy  occun,  it  is  also  important  to  consider  the  behavioral  (functional)  consequences  of  any 
induced  physical  change.  Obviously,  changes  in  the  functional  capacities  of  the  retina  have  specific  legal,  medical,  and 
ultimately  practical  consequences  especially  when  considering  how  much  human  behavior  is  based  on  accurate  visual 
assessments  of  the  physical  world. 

Less  frequently  examined  are  the  more  subtle  changes  associated  with  repeated  low  energy  exposures  at  power  levels  well 
below  those  in  which  either  thermal  or  mechanical  disruptions  would  be  predicted.  In  these  cases  it  has  been  proposed  that 
laser  irradiation  might  produce  photoreceptor  and/or  photopigment  damage  which  ultimately  could  affect  the  receptor 
transduction  process  and  even  the  viability  of  the  receptor  cell  itself.*'  It  might  be  expected  that  functional  changes 
associated  with  these  more  subtle  retinal  iterations  would  be  a  more  sensitive  measure  of  ^e  adverse  effects  of  low  level 
laser  irradiation  since  these  types  of  physical  changes  in  retinal  morphology  and/or  photochemistry  would  be  extremely 
difficult  to  detect  in  an  intact  retina. 

The  development  of  .behavioral  techniques  to  rapidly  assess  altered  retinal  functioning  and  the  added  ability^  to  expose 
awake,  task<oriented  animals  further  extended  explorations  of  the  transition  zone  between  permanent  and  temporary  shifts 
in  visual  acuity.  These  techniques"  eliminated  the  need  to  anesthetize  the  subject  for  the  reliable  placement  of  foveal 
exposures.  Any  use  of  anesthesia  delays  the  opporturuly  for  postexposure  testing  by  as  much  as  24  hours,  eliminating  arty 
attempt  to  explore  the  transient  or  initial  effects  cf  laser  irradiation  both  above  and  below  the  energy  levels  necessary  to 
produce  a  permanent  alteration.  Furthermore,  the  need  to  use  anesthesia  as  a  method  to  reliably  isolate  laser  exposures  on 
the  retinal  mosaic  seriously  curtails  the  exploration  of  any  cumulative  consequences  of  repeated  exposures,  since  frequent 
administration  of  anesthesia  in  the  same  animal  is  medically  inadvisable.  In  the  past  only  wide  field  laser  irradiation  could 
be  chrortically  employed  without  anesthesia  since  it  was  difficult  to  predict  the  amount  and  location  of  light  exposure  in  an 
awake  animal  with  relatively  free  head  and  eye  movements.  When  using  relatively  small  diameter  exposures  Gess  than  500 
|i)  that  more  closely  simulate  real  life  exposure  conditions,  however,  it  was  necessary  to  develop  this  behavioral  paradigm  to 
condition  animals  to  voluntarily  restrict  their  eye  and  head  movements  and  fixate  on  a  known  portion  of  their  visual  field. 
Exposures  outside  an  animal’s  fovea  should  produce  little  or  no  shift  in  maximiun  photopic  acuity^  since  such  exposures 
would  allow  the  animal  the  ability  to  “look  around”  the  exposure  site(s)  and  use  other,  equally  or  more  sensitive,  retinal 
regions  to  make  the  required  discriminations.  Therefore,  this  method  was  critical  for  producing  foveal  exposures  necessary 
to  assess  immediate  postexposure  photopic  acuity  in  a  behaviorally  active  animal. 

We  have  previously  shown  that  acute  exposures  can  produce  both  transient  and  prolonged  shifts  in  visual  acuity 
immediately  following  laser  irradiation.  Below  the  transitional  zone  daily  laser  exposures  normally  produce  predictable 
temporary  degradations  in  acuity'  which  vary  little  fiom  one  exposure  to  another.  At  higher  exposure  energies  within  the 
transitional  zone,  however,  we  have  shown  ffiat  the  performance  decrements  produced  by  successive  pulses  become  additive 
and  ultimately  lead  to  permanent  shifts  in  visual  acuity.  These  effects  were  primarily  observed  with  CW  laser  pulses  of 
relatively  long  duration.  Earlier  work  with  Q-switched  pulses  at  and  below  the  ED50  has  failed  to  demonstrate  any 
significant  loss  in  visual  functioa  We  have  previously  shown  that  repetitive  high  energy  Q-switched  pulses  over  time 
produce  a  significant  visual  loss  that  is  relatively  long  lasting.'*  However,  these  visual  losses  were  likely  compounded  by 
retinal  odama  produced  by  these  laser  pulses.  The  present  study  characterizes  the  time  course  of  acuity  deficits  and  recovery 
for  low  level  Q-switched  pulses  at  levels  below  those  that  would  be  expected  to  create  either  an  ophthalmic  lesion  or  retinal 
edema. 


2.  METHOD 


A  reliable  behavioral  teclmique  was  developed  to  expose  awake,  task-oriented  animals.  This  method  required  animals  to 
maintain  central  fixation  for  prolonged  periods  of  time  during  the  test  session.  The  impact  of  random  and  voluntary  eye 
movements  was  further  reduced  by  using  relatively  brief  duration  exposures  that  were  presented  while  the  animal  was 
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actively  engaged  in  a  threshold  visual  discrimination  task  that  required  fixation  on  known  critical  features  of  the  visual 
targets. 

Subjects  and  Apparatus.  Adult  male  rhesus  monkeys  with  normal  vision  were  used  as  subjects.  The  animals  were  housed 
in  traditional  primate  cages  and  were  tested  in  a  portable  restraint  apparatus.  This  device  was  also  used  to  transport  the 
animal  to  and  from  the  housing  colony.  A  custom  fitted  helmet  molded  from  high  impact  plastic  and  equipped  with  an 
inner,  high  density  foam  liner  with  an  inflatable  air  bladder  allowed  for  stability  of  the  animal’s  head  without  undue  force 
or  discomfort.  An  opaque  fecemask  with  an  adjustable  iris  diaphragm  was  aligned  with  the  animal’s  line  of  sight  This 
required  the  animal  to  voluntarily  align  its  pupil  with  an  artificial  pupil  in  order  to  successfully  avoid  an  aversive  stimulus 
and  to  complete  the  visual  discrimination  task. 

Animals  were  quickly  trained  using  positive 
reinforcement  to  voluntarily  leave  their  home 
cages  and  enter  the  restraint  apparatus  without 
resorting  to  drugs  or  unnecessary  force. 

Discrimination  Task.  Animals  immobilized  in 
the  restraint  device  were  trained  to  press  a 
lever  when  they  detected  the  presence  of  a 
Landolt  ring  (“C”)  which  was  randomly 
positioned  within  a  series  of  equally  sized 
gapless  rings  CO”).  Individual  rings  were 
successively  projected  onto  a  rear  projection 
screen  placed  one  meter  in  front  of  the 
artificial  pupil  that  was  mounted  onto  the 
animal’s  he^  restraint.  The  animal’s  feiliue 
to  press  the  lever  to  the  Landolt  ring  when 
presented  (miss),  or  lever  pressing  during  the 
presentation  of  a  gapless  ring  (&lse  alarm), 
resulted  in  the  presentation  of  a  brief 
discriminative  tone,  and  on  a  varud>le 
reinforcement  schedule,  the  administration  of 
a  brief  electrical  shock.  Threshold  acuity  was 
derived  using  a  tracking  technique.  In  this  technique,  if  the  subject  correctly  detected  the  Landolt  ring  (hit)  by  pressing  a 
lever,  the  next  series  of  Landolt  rings  and  gapless  rings  were  10%  smaller  while  incorrect  detections  of  the  Landolt  ring 
(miss)  produced  the  presentation  of  rings  10%  larger.  The  critical  feature  of  Landolt  ring  that  distinguished  it  fix>m  a 
gapless  ring  varied  from  0.25’  to  30’  visual  angle  and  was  always  positioned  in  the  same  location  on  the  viewing  screen. 
By  varying  the  payoff  matrix  used  during  trainings  the  number  of  false  alarms  was  remarkably  low  (<10%)  and  animals 
maintained  a  stable  acuity  for  periods  in  excess  of  45  minutes  of  testing.  In  well  trained  animals,  baseline  visual  acuity 
varied  from  Snellen  acuity  of  20/25  to  20/15  depending  upon  the  parameters  of  the  viewing  conditions.  Darkened  rings  of 
various  diameters  were  projected  onto  different  wavelength  and  intensity  backgrounds  to  determine  any  differential  color, 
contrast,  or  brightness  acuity  effects.  In  a  series  of  comparative  tests,  the  baseline  visual  acuity  of  rhesus  and  human 
subjects  was  remarkably  similar  which  supports  the  use  of  rhesus  as  a  prototype  for  predicting  human  performance 
following  laser  irradiation. 

Laser  Exposures.  A  Nd/YAG  pulsed  laser  was  positioned  on  an  optical  bench  outside  the  test  chamber.  The  laser  beam 
was  first  directed  through  several  neutral  density  filters  and  a  manual  safety  shutter  before  passing  through  an  electronic 
shutter  and  beam  splitter.  A  portion  of  the  attenuated  beam  was  incident  upon  an  absorbing  disc  calorimeter  for  monitoring 
exposure  energy.  The  transmitted  portion  of  the  beam  was  diverted  by  a  front  surface  mirror  and  passed  through  a  variable 
bemn  expander  and  a  convex  lens  placed  in  front  of  the  animal’s  pupil.  A  coated  pellicle  beam  splitter  placed  5  cm  in  front 
of  the  lens  was  positioned  at  the  intersection  of  the  diverging  laser  beam  and  the  light  beam  from  the  viewing  screen.  The 
laser  beam  was  positioned  such  that  it  was  presented  to  the  animal  coaxial  with  a  line  between  the  artificial  pupil  and  the 
gap  in  a  specified,  threshold  Landolt  ring,  or  in  the  case  of  off-axis  exposures,  was  positioned  one  degree  above  the  gap  in 


Figure  1.  Diagram  of  the  laser  and  image  optical  system.  The  User  beam  from 
Q-5witdMd  Nd/YAG  laser  was  presented  using  a  Maxwellian  view  and  was  coaxial  to  the  gap 
in  a  threshold  LandoH  ring.  The  number  of  Q-switched  pulses,  energy  per  pulse,  and  the 
diameter  and  position  of  the  beam  on  the  retina  was  controll^  outside  the  test  chamber. 
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the  specified  Landolt  ring.  (Figure  1).  Beam 
diameter  could  be  varied  from  less  than  50  \i  to 
greater  than  500  p  on  the  retina.  The  number 
of  pulses  presented  to  an  animal  was  controlled 
by  an  remote  electronic  shutter  placed  in  the 
beam  pathway.  Varying  the  duration  of  the 
shutter  opening  from  less  than  50  msec  to 
greater  than  250  msec  resulted  in  the 
presentation  of  one  to  six  pulses  within  the 
exposure  session.  Longer  duration  exposures 
were  avoided  to  eliminate  any  impact 
voluntary  eye  movements  might  have  on  the 
position  of  the  energy  on  the  retina. 

All  exposures  were  presented  while  the  animal 
was  tracking  its  threshold  visual  acuity  and 
immediately  after  the  animal  had  correctly 
detected  a  minimal  gap  in  the  Landolt  ring. 

Observations  of  animals  working  under  these 
conditions  have  shown  that  they  normally 
maintain  their  fixation  on  the  screen  for 
several  seconds  following  lever  pressing. 

Normally  animals  were  exposed  only  once  per 
day  and  only  after  their  pre-exposure  baseline  was  reliably  established.  Prior  to  any  exposures,  complete  baseline  acuity 
measurements  were  obtained  for  both  the  experimental  and  control  ^e.  Postexposure  acuity  measurements  continued  until 
the  anim;^1  regained  its  pre-exposure  acuity  or  the  elicited  deficit  had  stabilized  (see  Figure  2).  All  behavioral  testing 
including  laser  exposures  were  made  under  monocular  viewing  conditions. 

3.  RESULTS 

When  single  Q-switched  pulses  of  small  diameters  (50  to  150  \i  spots  on  the  retina)  were  presented,  there  was  relatively 
little  decrement  in  visual  acuity  noted  regardless  of  the  energy  of  the  pulse.  With  larger  diameter  (>150  ^i)  exposures  the 
adverse  impact  of  single  pulses  on  visual  acuity  was  more  evident  and  generally  the  same  as  the  transient  deficit  produced 
by  small  diameter  exposures  presented  multiple  times  in  close  succession.  With  either  exposure  condition,  immediately 
after  exposure,  the  animal’s  baseline  acuity  dropped  and  remained  depressed  for  some  time  before  postexposure  acuity 
gradually  returned  to  its  pre-exposure  baseline.  Both  magnitude  and  duration  of  the  observed  visual  deficits  were  related  to 
the  amount  of  retinal  area  involved  (exposure  spot  size)  and  to  the  number  of  Q-switched  pulses  presented.  Increasing  the 
power  density  of  the  e?q)osure  for  the  small  diameter  exposures  or  for  single  pulses  produced  litde  visible  impact  on  the 
animal’s  visual  acuity.  With  larger  spot  sizes,  however,  the  energy  of  the  pulses  clearly  influenced  the  duration  of  the 
deficit  as  well  as  the  likelihood  of  fiiU  recovery  within  the  remaining  time  of  the  test  session. 

The  impact  that  multiple  Q-switched  pulses  had  on  the  animal’s  performance  on  the  visual  acuity  task  is  shown  in  Figure  3. 
In  this  example,  the  animal  was  exposed  to  a  series  of  5-6  low-level  energy  pulses  within  a  250  msec  window.  Each  pulse 
created  a  500  p  spot  on  the  retina  and  was  presented  coaxial  with  the  gap  in  a  Landolt  ring.  The  exposure  was  triggered  as 
soon  as  the  atiimal  responded  to  its  threshold  Landolt  ring,  while  the  ring  was  stiU  displayed  on  the  viewing  screen. 
Postexposure  acuity  was  measured  using  either  high  or  low  luminance  targets.  The  ammal  s  pre-exposure  acuity  in  the 
high  luminance  condition  (bright  screen)  was  approximately  1.2  (min  of  arc)  ^  or  a  Snellen  acmty  of  20/17  wMe  this  s^e 
animal’s  pre-exposure  acuity  derived  under  the  low  luminance  condition  was  approximately  0.65  (min  of  arc)  or  a  Sne  en 
acuity  of  20/31.  In  this  figure  and  those  that  follow,  average  postexposure  acuity  for  each  two  nunute  interval  after 
exposure  is  plotted  as  a  fimction  of  pre-exposure  acuity  and  is  displayed  as  a  percent  deficit.  Our  animals  pre-exposure 
acuity  varied  little  from  session  to  session  and  was  extremely  consistent  within  a  testing  session  when  no  exposure  was 


Figure  2.  Sample  raw  data  demonstrating  the  immediate  drop  in  visual 
acuity  following  laser  exposure.  The  ordinate  indicates  the  various  sizes  of  the  gaps  in 
presented  Landolt  rings.  The  scale  is  measured  in  discrete  steps.  The  abscissa  represents  the 
presentation  of  the  Landolt  rings;  corresponding  times  (in  minutes)  for  representative  trials  are 
indicated  relative  to  e3q)0sure.  Two,  0, 1  pJ  Q-switched  pulses  of 300  p.  diameter  were  used. 
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made.  In  Figure  3,  the  animal's  acuity 
dropped  approximately  40%  within  the  first  six 
minutes  after  the  exposure  and  remained 
depressed  before  gradually  recovering  to  its 
pre-exposure  level  in  approximately  14 
minutes.  Little  difference  was  noted  in  either 
the  magnitude  or  the  duration  of  the  deficit 
when  using  targets  of  differing  luminances. 
Similar  results  demonstrating  consistent 
deficits  for  both  high  and  low  luminance 
targets  were  observed  for  other  exposure 
conditions  where  spot  size  and  number  of 
pulses  were  varied.  The  magnitude  of  the 
deficit  and  its  duration  were  related  to  the 
exposure  conditions  employed  Another 
consistent  result  for  low  energy  exposures 
noted  in  this  figure  was  the  “rebound”  effect  in 
acuity  during  the  later  stages  of  the  recovery 
function.  Typically  after  the  animal's 
postexposure  acuity  deficit  recovered,  the 
animal’s  acuity^  became  temporarily  enhanced 
for  several  minutes  before  gradually  returning 
its  normal  pre-exposure  level.  In  this  figure 
the  animal’s  transient  enhancement  was 


Figure  3.  Effects  of  high  and  low  luminance  targets  on  post¬ 
exposure  acuity.  In  this  figure  the  animal  was  exposed  to  5  Q-switched  pulses 
of  0.1  \i  J  presented  coaxial  with  the  gap  in  a  sped&cd  Landott  ring.  Each 
e)qK)Sure  was  approximately  500  p.  on  the  retina.  Poste^qposuie  acuity  was 
measured  for  20  minutes  after  eadi  exposure  using  different  targets  projected  onto 
white  backgrounds  of  difiSnent  luminances. 


^proximately  20%  better  than  its  baseline,  an  increase  in  visual  acuity  to  1.44  (min  of  arc)'^  or  a  Snellen  acuity  of  20/14. 
This  enhancement  lasted  approximately  five  to  seven  min  before  the  animal’s  acuity  returned  to  its  pre-established  baseline. 


A  comparison  of  the  impact  that  position  of  the  exposure  on  the  retina  had  on  visual  acuity  is  shown  in  the  next  two  figures. 
In  these  figures  the  beam  was  positioned  either  coaxial  with  the  gap  in  a  threshold  Landolt  ring  (on-axis)  or  positioned 
^proximately  one  degree  above  the  critical 


feature  of  the  target  (off-axis).  When 
positioned  within  the  critical  feature  of  the 
target,  a  foveal  exposure  would  be  expected  as 
long  as  the  animal  maintained  its  central 
fixation  immediately  after  detecting  the 
presence  of  a  threshold  gap.  Positioning  the 
beam  away  from  the  gap  should  expose  areas 
of  the  retina  outside  the  central  fovea.  In 
Figure  4,  two  Q-switched  pulses  of  low  energy 
( 0. 1  pj)  fi-om  a  Nd/YAG  laser  were  presented 
either  on-  or  off-axis.  A  relatively  large  retinal 
spot  (500  |i)  was  employed.  The  off-axis 
exposure  produced  no  immediate  or  delayed 
acuity  deficit  The  animal  maintained  its  pre¬ 
exposure  acuity  and,  if  anything,  sli^tly 
improved  during  the  course  of  the  20  minute 
postexposure  session.  When  an  on-axis 


exposure  was  made,  however,  the  animal’s 
visual  acuity  immediately  dropped  to 
approximately  25%  of  its  pre-exposure  acuity 
(resulting  in  a  Snellen  acuity  of  20/24)  and 
remained  depressed  for  several  minutes  before 


Figure  4.  On-  and  off-axis  exposures  to  low  level,  Q-switched 
pulses  from  a  Nd/YAG  laser.  Two  Q>switched  pulses  were  presented  within 
a  100  msec  window  either  coaxial  with  or  temporal  to  the  gap  in  a  threshold 
Landohring.  Theenergyperpulse  was  0.1  pJ  and  the  beam  diameter  on  the  retina 
was  ^^)p^oximately  500  p. 


gradually  returning  to  its  pre-exposure 
level  in  approximately  12  minutes.  Similar 
to  the  previous  example,  the  animal’s 
visual  acuity  actually  improved  beyond  its 
pre-exposure  level  during  the  final  stages  of 
postexposure  testing.  This  acuity  level 
appeared  consistent  with  that  observed  for 
the  off-axis  exposure  during  its 
postexposure  recovery.  In  Figure  5,  the 
same  comparison  of  on-  and  off-axis 
exposures  is  made  except  in  this  example 
the  number  of  Q-switched  pulses  presented 
was  increased  from  two  to  four  within  a 
200  msec  exposure  window.  Again  for  the 
off-axis  exposure,  little  if  any  deficit  was 
noted  during  the  twen^  minute 
postexposure  session  but  the  on-axis 
exposure  produced  an  immediate 
significant  drop  in  visual  acuity.  The 
initial  postexposure  deficit  was  over  40% 
(Snellen  acuity  of  20/28)  and  the  animal’s 
acuity  remained  depressed  for 
approximately  10  minutes  before  returning 
to  its  pre-exposure  acuity  level.  Similar  to 
the  previous  examples,  the  eUcited  visual 
deficit  was  followed  by  a  brief,  but 
significant  enhancement  in  acuity  before 
the  animal’s  acuity  stabilized  at  its  pre¬ 
exposure  level.  The  initial  drop  in  acuity 
for  the  on-axis  exposures  was  greater  for 
four  pulses  than  for  two  pulses  but  the  total 
recovery  times  were  approximately  the 
same.  The  off-axis  curves  for  two  and  four 
pulses  were  virtuaUy  identical  and 
demonstrated  no  significant  drop  in  acuity 
when  laser  exposures  were  presented  away 
firom  the  centr^  fovea. 

Variations  in  the  energy  per  Q-switched 
pulse  did  have  some  impact  on  ^e  nature 
of  the  visual  deficit  but  these  differences 
were  most  evident  for  relatively  large  spot 
sizes.  Single  Q-switched  erqrosures  of 
minimal  spot  size  (<50  produced  Uttle 
observable  change  in  postexposure  acuity 
even  for  exposures  at  or  slightly  above  the 
EDso.  Increasing  the  area  of  retinal 
involvement  by  increasing  the  spot  size 
and/or  by  increasing  the  number  of  isolated 
Q-switched  pulses  in  a  moving  eye, 
however,  did  produce  immediate  and 
transient  changes  in  the  animal’s 


Low  Level  Exposures,  On-Axis  /  Off-Axis 


Off  Axis-High  Acuity-200msec-500u 
On  Axis-High  Acuity-200msec-500u 


Figure  5.  On-  and  off  axis  exposures  to  low  level,  Q-switched  pubes 
from  a  Nd/YAG  laser.  Four  Q^witdied  pulses  were  presented  within  a  100  msec 
time  interval  either  coaxial  with  and  tenq>oral  to  the  gap  in  a  threshold  Landoh  ting. 
The  energy  per  pulse  was  0.1  and  the  beam  diameter  on  the  retina  was 
approximately  500  |i . 


Laser  Exposures  (1.0  uJ  and  0.1  uJ) 


— 1 .0  uJ-High  acuity-1  pulse 
0.1  uJ-High  aculty-1  pulse 


Figure  6.  Comparison  of  a  single  Q-switched  pulse  exposure  at  two 
different  eneigy  levels.  Single  pulses  at  1.0  pJ  and  0.1  pJ  are  presented  Both 
e?q>osures  on  made  on-axis  and  the  e^^osure  produced  a  retinal  spot  size  of  500  p. 
Postexposure  acuity  was  measured  using  high  luminance  targets. 
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postexposure  acuity.  In  the  next  two  figures 
the  recovery  fimctions  for  large  spot 
exposures  (500  are  shown  at  two  different 
energy  levels:  1.0  pj  (ED50  for  small  spot 
exposures)  and  0. 1  (one  log  unit  below  the 
EDso).  In  Figure  6,  the  animal  was  exposed 
on  separate  sessions  to  a  single  Q-switched 
pulse  at  both  of  these  energy  levels.  In 
Figure  1,  the  animal  was  exposed  to  3  Q- 
switched  pulses  within  a  150  msec  time 
interval  at  these  same  energy  levels.  All 
exposures  were  presented  on-axis  and  the 
animal’s  postexposure  acuity  was  examined 
using  high  luminance  targets.  When 
exposed  to  a  single,  low  level  Q-switched 
pulse,  the  animal’s  postexposure  acuity 
dropped  only  slightly  for  a  brief  period  before 
returning  to  its  pre-exposure  level  within 
approximately  eight  minutes.  This  curve 
demonstrates  little  initial  impact  of  this 
exposure  on  the  ability  of  the  animal  to 
maintain  a  consistent  postexposure  threshold. 

However,  during  the  later  portions  of  this 
postexposure  test  session  the  animal 
demonstrated  the  same  type  of  enhancement 
in  visual  performance  that  had  been  noted 
previously  for  those  exposures  where  an 
immediate  deficit  was  observed.  In  this 
example,  the  initial  deficit  elicited  was  less  than  15%  (Snellen  acuity  of  20/20)  and  was  very  transient  in  nature.  The 
enhancement  in  postexposure  acuity,  on  the  other  han^  was  somewhat  more  pronounced  and  less  transient  in  nature 
although  by  the  end  of  the  twenty  minute  test  session,  the  animal’s  postexposuie  acuity  had  returned  to  its  pre-exposure 
baseline.  At  a  higher  power  density  (1.0  ^J)  per  Q-switched  pulse,  again  there  was  no  significant  immediate  visual  deficit 
in  comparison  to  those  transient  deficits  previously  noted  for  the  low  energy  exposures.  As  time  passed,  however,  the 
animal  demonstrated  a  gradual  but  significant  drop  in  visual  acuity  that  lasted  for  the  duration  of  the  test  session.  Within 
the  twenty  minute  postexposure  session,  visual  acuity  had  dropped  by  approximately  25%  and  no  enhancement  effea  was 
noted.  The  next  day  the  animal’s  acuity  had  recovered  to  its  pre-exposure  baseline  level  and  remained  at  this  level  for  the 
next  several  days.  No  additional  exposures  were  presented  to  this  animal  during  this  recovery  period. 

In  Figure  7  the  same  exposures  conditions  as  presented  in  Figure  6  are  shown  except  in  this  figure  the  number  of  Q- 
switched  pulses  were  increased  from  one  pulse  to  three  pulses.  These  three  Q-switched  pulses  were  presented  within  a  150 
msec  window.  When  this  trio  of  relatively  low  energy  pulses  were  present^  the  animal’s  visual  acuity  decreased  by  as 
much  as  40%  to  a  Snellen  acuity  of  20/28.  This  deficit  was  not  sustainable  and  within  10  min  the  animal’s  acuity  had 
returned  to  its  pre-exposure  baseline  before  again  “rebounding”  to  a  heightened  Snellen  acuity  of  20/14.  By  the  end  of  the 
twenty  minute  postexposure  session  the  animal  returned  to  its  pre-exposure  level  and  remained  at  this  level  over  the  next 
several  days.  When  the  energy  of  the  three  pulses  was  increased  to  1.0  pj,  the  mitial  deficit  did  not  increase  over  that 
observed  for  the  low  energy  condition  although  the  elicited  deficit  produced  lasted  longer  and  no  enhancement  effect  was 
noted.  In  this  case,  the  animal  appeared  to  fully  recover  fiom  the  exposure  within  16  minutes  of  the  exposure.  No  lingering 
effects  beyond  this  initial  exposure  session  was  evident  and  the  animal’s  daily  acuity  was  consistent  with  that  observed  prior 
to  any  exposure. 

Differences  in  the  diameter  of  the  laser  exposure  on  the  retina  were  shown  to  affect  the  size  of  the  deficit  elicited.  For  very 
small  diameter  retinal  exposures  the  deficits  produced  were  often  very  small  and  transient,  while  larger  spot  sizes  produced 


Figure  7.  Comparison  of  three  Q-switched  pulses  at  two  different  energy 
levels.  Three  pulses  at  1.0  pJ  and  0.1  pJ  were  presented  within  ISO  msec  window.  Both 
the  hijh  and  low  energy  et^osures  on  made  on-axis  and  the  exposure  produced  a  retinal 
mot  size  of 500  u.  Postexposure  acuity  was  measured  using  hit^  luminance  targets. 


a  larger  and  more  sustainable  visual  deficit 
In  figure  8  the  comparison  of  two  different 
spot  sizes  are  shown.  In  this  figure  the 
animal  was  exposed  on  separate  occasions 
to  two  Q-switched  pulses  of  low  energy 
light  that  generated  a  400  jx  and  a  100  p 
diameter  spot  on  the  retina.  The  exposure 
was  presented  on-axis  and  visual  acuity  was 
measured  using  high  luminance  targets.  In 
both  cases  there  was  a  significant  decrease 
in  the  animal’s  visual  acuity  immediately 
after  exposure.  For  the  100  p  diameter 
spot,  the  initial  visual  deficit  leveled  off 
after  4  min  and  remained  at  this  level  for 
approximately  12  min  before  gradually 
returning  to  its  pre-exposure  level  in  16 
min.  The  average  deficit  elicited  during 
this  time  period  was  15%.  For  the  400  p 
diameter  spot  the  animal’s  visual  acuity 
also  immediately  dropped  and  within  6 
minutes  had  reached  its  maximum  deficit 
of  45%.  The  animal’s  deficit  remained  at 
this  level  for  approximately  the  same 
length  of  time  as  the  100  p  diameter  spot 
exposure  before  gradually  returning  to  its 
pre-exposure  baseline  in  18  min. 


The  visual  deficits  elicited  by  Q-switched  pulses  that  were  reported  in  this  study  are  consistent  with  the  notion  that  the 
experimental  paradigm  developed  to  expose  awake,  task-oriented  animals  did  produce  reliable  placements  of  the  exposures 
onto  the  retina.  Movement  by  the  laser  beam  by  as  little  as  one  degree  fix)m  its  coaxial  position  within  the  gap  in  a 
threshold  Landolt  ring  had  a  significant  effect  on  postexposure  acuity.  Only  those  exposures  that  were  presented  coaxial 
with  the  critical  feature  of  the  discriminanda  produced  a  conspicuous  acuity  deficit  that  was  long  lasting.  Exposures 
presented  off-axis  produced  little  or  no  observable  visual  deficit  as  might  be  expected  in  an  animal  with  an  intact,  functional 
central  fovea. 

Single  and  multiple  Q-switched  pulses  at  the  energy  levels  used  in  this  study  produced  no  permanent  visual  deficit 
regardless  of  their  repetition  rate  or  retinal  spot  size.  Most  exposures,  however,  did  temporarily  impede  the  ability  of  the 
animal  to  maintain  its  baseline  acuity.  While  large  diameter  exposures  and  more  pulses  per  exposure  produced  larger  and 
more  sustainable  visual  deficits,  neither  condition  alone  or  combined  produced  a  permanent  deficit  in  our  animals’  visual 
acuity.  A  relatively  wide  range  of  different  retinal  spot  sizes  (50  p  to  500  p)  were  employed  in  this  stu<ty  which  did  produce 
somewhat  varying  initial  deficits.  Typically,  the  larger  the  spot  size,  the  greater  the  initial  visual  deficit  and,  to  some 
extent,  the  longer  the  time  required  for  full  recovery.  The  same  relationship  was  generally  true  for  number  of  Q-switched 
pulses.  Single,  15  nsec  pulses  normally  had  only  a  minimal  impact  on  the  ability  of  the  anim;^l  to  maintain  its  pre-exposure 
baseline  unless  the  spot  size  was  large  (greater  than  150  p).  Multiple  Q-switched  pulses  even  for  these  small  spot  sizes,  on 
the  other  hand,  typically  elicited  more  sizable  deficits  that  required  a  longer  postexposure  recovery  time.  Multiple  pulses 
that  produced  larger  spot  sizes  on  the  central  fovea  produced  even  larger  visual  deficits  that  lasted  longer  and  required  more 
time  for  full  recovery. 

Increasing  the  power  density  of  individual  pulses  generally  produced  longer  recovery  times,  and  in  some  cases,  exposures  at 
the  EDso  produced  prolonged  deficits  that  extended  beyond  the  test  session.  In  no  case,  however,  did  single  or  multiple 
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Figure  8.  Comparison  of  spot  size  on  the  magnitude  and  duration  of  the 
visual  deficit  Two,  low  energy,  Q-switdied  pulses  were  presented  Each  pulse  produced 
either  a  100  p  or  400  p  diameter  spot  on  the  retina.  The  beam  was  presented  on-axis  and 
only  one  exposure  (two  pulses)  were  presented  per  day.  Acuity  was  measured  using  high 
luminance  targets. 
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pulses  of  any  spot  size  produce  a  visual  deficit  that  remained  obvious  24  hours  after  exposure.  In  several  cases  where 
multiple,  large  diameter  pulses  were  employed  the  animal's  postexposure  acuity  on  subsequent  days  was  less  consistent  than 
norm^  but  this  condition  was  difficult  to  quantify  and  did  not  extend  beyond  several  days.  In  these  examples  the  power 
density  per  area  was  below  the  ED50  for  the  small  spot  condition. 

Unlike  our  previous  results  with  CW  exposures,  no  cumulative  effect  across  exposure  sessions  was  noted  for  the  energy 
parameters  employed  in  this  study.  The  lack  of  any  corresponding  cumulative  impact  of  multiple  exposures  within  or 
between  exposure  sessions  leading  up  to  a  permanent  visual  acuity  loss  is  noteworthy.  While  these  exposures  often  revealed 
transient  acuity  shifts,  they  suggest  that  for  the  smallest  spot  exposures  that  are  very  brief,  the  fimctional  criterion  is  limited 
in  defining  a  permanent  effect  even  when  minimal  physical  damge  may  have  been  present  The  transient  effects  observed 
in  this  study  at  energy  levels  below  the  EDso  and  below  those  that  might  cause  ^ema  suggest  that  single,  isolated  Q- 
switched  pulses  can  have  a  significant  impact  on  an  observer's  immediate  postexposure  acuity  even  if  the  consequence  is 
not  permanent  Still  unresolved  is  the  possibility  that  with  repeated  exposures  under  slightly  (Cerent  exposure  conditions, 
the  effects  of  successive  pulses  might  become  additive  and  eventually  permanent  as  we  have  previously  reported  with  longer 
duration,  CW  exposures.  Over  time  these  transient  deficits  could  blossom  into  a  significant  permanent  functional  loss  with 
minimal  initial  warning  that  could  only  be  observed  if  visual  functioning  is  carefully  tracked. 

Of  particular  interest  is  the  consistent  enhancement  effect  noted  for  low  energy  exposures.  Measurements  of  postexposure 
acuity  to  single  and  multiple  Q-switched  pulses  at  0.1  pj  demonstrated  an  initial  visual  deficit  that  was  then  followed  by  a 
sometimes  equally  apparent  enhancement,  which  like  the  preceding  deficit  was  not  sustainable.  The  cause  of  this  acuity 
enhancement  is  difficult  to  discern,  but  it  might  be  significant  that  it  was  only  obvious  with  on-axis  exposures  and  with 
exposures  that  were  below  the  ED50  where  overall  recoveiy  was  more  rapid  than  with  higher  energy  exposures.  A  similar 
enhancement  effect  might  not  be  expected  in  the  off-axis  exposure  since  the  animal’s  central  foveal  would  be  unaltered  by 
the  off-axis  exposure.  Exposing  the  fovea  to  intense  light  might  eventually  disinhibit  the  areas  within  and  aroimd  the 
central  fovea  hy  fatiguing  the  retina's  lateral  inhibitory  mechanisms.  The  sensitivities  and  recovery  times  for  this  neural 
inhibitory  mechanism  and  that  of  the  photochemical  process  in  the  receptor  cell  could  be  different  and  could  account  for 
this  apparent  enhancement 

The  threshold  for  producing  immediate  visual  deficits  using  the  Q-switched  domain  in  this  study  is  even  lower  than  those 
that  we  previously  reported  for  exposures  within  the  100  msec  time  domain."*  These  energy  differences  could  be  the  result 
of  the  higher  pesik  powers  that  would  occur  with  Q-switched  pulses  than  would  occur  with  the  more  homogenous,  lower 
energy  density,  but  longer  duration  exposures  that  we  have  employed  using  CW  lasers.  The  higher  peak  powers 
characteristic  of  Q-switched  pulses  can  create  acoustic  damage,  in  addition  to  a  thermal  component,  when  it  interacts  with 
the  retina.  In  comparison  to  longer  duration  exposures,  this  acoustic  or  mechanical  insult  may  be  sufficient  to  rupture  tissue 
membranes  at  much  lower  energy  levels  than  is  possible  in  msec  pulse  domains.  In  relation  to  the  function  of  retinal  tissue, 
Q-switched  pulses  are  deposited  within  the  layers  of  the  retina  prior  to  the  normal  neural  abilify  of  the  photoreceptor  to 
respond.  As  we  have  previously  speculated,  this  rzpid  delivery  of  light  energy  could  temporarily  short  circuit  the  fiill 
response  of  the  photoreceptor  system  and  bypass  its  normal  adaptation  function.  However,  because  the  pulse  is  still 
sufficient  to  cause  morphological  damage,  alterations  in  visual  function  might  still  occur.  Because  of  both  their  limited 
temporal  and  spatial  domains,  it  spears  that  repeated  exposures  are  required  to  affect  large  enough  areas  necessary  to 
produce  a  significant  overall  functional  effect  For  exposures  in  the  msec  time  domain,  larger  spot  sizes  were  normally 
employed  and  were  made  even  larger  due  to  the  increased  impact  that  involuntary  ^e  movements  had  on  the  smearing  of 
these  pulses  across  larger  retinal  regions.  Hence,  with  longer  duration  exposures,  the  iixunediate  functional  consequences  at 
and  below  the  transition  zone  were  more  obvious  than  those  observed  in  the  Q-switched  time  domain. 

While  we  have  not  demonstrated  a  cumulative  damage  process  occurring  near  or  below  the  pre-established  ED50  in  this 
present  study  even  after  prolonged  daily  exposure,  we  have  noted  significant  initial  effects  and  possibly  subtle  longer  term 
changes  in  discrimination  errors  especially  when  multiple,  large  punctate  exposures  within  the  fovea  were  made.  These  less 
conspicuous  effects  could  possibly  reflect  more  global  (fysfunctions  when  briefly  presented  discriminable  targets  fall  on 
these  “altered”  regions.  The  consequences  of  repeated  exposures  within  these  transitional  zones  may  appear  particularly 
important  in  understanding  these  changes.  The  demonstration  of  any  transitional  zone  between  temporary  and  permanent 
functional  changes  for  the  Q-switched  domain  similar  to  that  found  for  the  CW  domain  would  suggest  the  possibility  of 
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cumulative  processes  within  the  retina.  Such  a  phenomenon  would  most  likely  increase  the  susceptibility  of  the  exposed 
tissue  to  permanent  damage,  especially  in  those  situations  in  which  repeated  exposures  may  occur. 

Our  data  continues  to  support  the  value  of  a  functional  approach  to  assess  laser  effects  on  the  visual  system  and  the  notion 
that  the  nature  of  the  required  visual  task  can  significantly  influence  one’s  detection  of  visual  deficits.  While  there  are  clear 
differences  between  the  recovery  from  Q-switched  and  CW  laser  exposures  especially  within  the  transitional  zone  between 
temporary  and  permanent  visual  function  loss,  the  current  study  demonstrates  that  flash  effects  may  be  produced  by  low 
level  Q-switch^  pulses  even  at  levels  where  no  tissue  damage  or  edema  would  be  expected.  These  results  suggest,  in 
addition  to  tissue  damage,  that  photochemical  and  neural  processes  may  also  play  an  important  role  in  predicting  the  safety 
of  those  working  around  lasers. 
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ABSTRACT 


Seven  Cynomolqus  f asciculata  who  had  graded  laser  lesions  placed  in  one  eye  6  years 
previously  were  evaluated  for  their  vernier  acuity  by  electrophysiologic  recording 
techniques.  In  these  experiments,  95%  contrast  vernier  acuity  targets  were 
presented  at  high  luminance  levels  to  anesthetized  primates.  Visual  evoked 
potentials  were  recorded  by  conventional  means  from  scalp  electrodes  through 
hospital  grade  amplifiers.  All  animal  testing  was  performed  under  lACUC  approved 
protocols.  The  single  q-switched  pulses  from  a  neodymium-YAG  laser  had  produced 
lesions  of  4  types :  no  visible  change,  minimal  visible  lesions,  "white  dot"  lesions 
(localized  circumscribed  retinal  blanching)  and  "red  dot"  lesions  (contained  retinal 
hemorrhage)  in  the  eye  at  the  time  of  placement.  Single  exposures  had  been  made  in 
four  locations:  5  degrees  superior,  inferior  and  temporal  to  the  fovea,  and  one 
foveally.  Vernier  recording  proved  somewhat  successful  in  smaller  animals  with  less 
than  contained  retinal  hemorrhage  lesions  in  the  fovea.  Initial  analyses 
demonstrated  a  significant  decrease  of  the  pattern  response  signal/noise  in  the 
experimental  eye  overall,  and  an  apparent  relative  loss  of  vernier  signal  in  some 
lesioned  eyes.  Animals  with  the  more  severe  lesions  have  somewhat  degraded  small 
pattern  responses  and  no  recordable  vernier  response.  Apparent  lesser  losses 
produced  less  effect. 

Keywords;  laser,  retina,  lesion,  vernier,  VEP,  monkey 

1. INTRODUCTION 

Vision,  and  visual  compromise  due  to  retinal  burns  caused  by  laser  exposure, 
has  been  evaluated  and  measured  in  many  different  ways.  Visual  field  effects, 
changes  in  grating  acuity,  gray  scale  contrast  sensitivity  and  chromatic  sensitivity 
have  all  been  measured  in  the  attempt  to  quantitate  a  very  complex  sense  system.  In 
some  cases,  the  interest  was  in  very  acute  changes,  while  in  many  others,  only 
longer  term  studies  were  possible. 

This  experiment  specifically  investigates  the  ability  of  the  visual  system 
to  make  localization  judgments,  i.e.  vernier  or  hyperacuity,  as  opposed  to  pattern 
resolution  judgments,  e.g.  grating  or  letter  acuities.  The  ability  of  an  observer 
to  correctly  judge  the  offset  of  2  dots  or  line  elements  is  quite  resistant  to 
optical  degradation  and  is  significantly  different  in  its  response  to  pathology . 
Additionally,  this  ability  is  critical  to  aiming  and  tracking  tasks  common  to  many 
activities,  including  simply  driving  down  the  road  between  the  lines  and  parking  a 
vehicle.  Visual  evoked  potential  correlates  of  hyperacuity  have  been  obtained  in 
humans. These  studies  show  that  the  hyperacuity  VEP  in  humans  scales  linearly 
with  log  offset  and  thus  can  permit  estimation  of  the  psychophysical  hyper  acuity 
threshold  by  extrapolation  to  signal  amplitude  extinction.  However,  vernier  acuity 
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off  with  iTGtinal  ©ccGntiricity  ©v©n  fa.st©ir  than  ir©solution  acuity  or  contrast 
sensitivity. 

The  animals  used  in  this  study  have  had  graded  laser  lesions  placed  6  years 
previously  by  the  native  collimated  beam  from  a  pulsed  Nd-YAG  laser  emitting  1062  nm 
light  without  expansion  or  focusing  by  any  lens  system  other  than  that  of  the  eye 
itself.  Placement  and  severity  of  these  lesions  was  governed  by  attempts  to  produce 
"Wolfe  grade"  equivalent  effects^  with  single  Q-switched  exposures.  Four  lesions  had 
been  placed  in  the  right  eye  of  each  animal,  the  left  eye  serving  as  a  normalizing 
control  with  no  laser  exposures.  The  exposure  energy  (and  thus  lesion  type)  was 
counterbalanced  across  both  locations  and  animals  for  severity  and  only  four 
exposures  were  made  in  the  right  eye  of  each  animal.  The  acute  effects  of  these 
lesions  on  acuity  as  measured  by  the  sweep  VEP  technique  have  been  previously 
reported. 

Summarizing  the  7  animals  in  this  experiment,  at  the  foveal  site  there  are  2 
animals  which  were  labeled  with  no  visible  change  at  the  time  of  exposure,  2  with  a 
"minimal  visible  lesion"  (MVL,  or  Wolfe  Grade  IB^),  2  with  "white  dot"  lesions 
(retinal  blanching,  grade  IIB)  and  3  with  "red  dot"  lesions  (contained  retinal 
hemorrhage,  grade  IIIB) .  At  the  parafoveal  locations,  there  are  11  sites  with  no 
visible  change  at  the  time  of  exposure,  4  sites  with  MVL  (lA),  6  sites  with  a  white 
dot  lesion  (IIA),  and  4  sites  with  a  red  dot  lesion  (IIIA). 

Since  the  VEP  falls  off  with  eccentricity  due  to  both  cortical  magnification 
and  to  the  topographic  mapping  of  the  visual  field  on  the  cortex,  the  signal  to 
noise  ratio  of  the  VEP  will  fall  off  drastically  in  any  attempt  to  record  a  response 
from  the  periphery  with  noninvasive  methods. Accordingly,  this  report  is  limited 
to  the  examination  of  the  vernier  VEP  responses  when  the  stimulus  is  placed  on  the 
foveal  area  itself.  The  consideration  whether  isolated  peripheral  lesions  have  any 
additional  effect  to  that  of  the  foveal  exposure  must  await  a  further  study  with 
different  animals,  although  some  indications  are  presented  here. 

2.  METHODS 

The  decision  of  a  suitable  species  was  driven  by  3  considerations: 
the  animal  must  be  a  primate,  it  must  have  high  luminance,  high  acuity  color  vision, 
and  its  retina  must  have  a  fovea.  These  requirements  arise  from  the  need  to  model 
the  human  visual  system  organization  (anatomy  and  function)  both  retinally  and 
cortically  in  order  to  generalize  the  results  of  this  study  to  human  visual 
performance.  The  lowest  species  that  would  therefore  be  used  was  the  cynomolgus 
monkey  (Macaca  f ascicularis ) .  Further,  the  recording  methods  are  noninvasive  and 
routinely  used  with  human  patients.  All  procedures  were  pre-approved  by  the 
university  lACUC  and  followed  the  guidelines  of  both  ARVO  and  the  NIH. 

^•2  Procedure;  The  animal  was  sedated  with  ketamine  (10  mg/kg)  supplemented  with 
ace-promazine  (1  mg/kg)  IM,  and  then  brought  to  the  laboratory.  The  animal  was 
anesthetized  with  pentobarbital  IV  (10  nig/kg)  and  muscularly  relaxed  with 
pancuronium  bromide  IV  (0.025  mg/kg)  as  bolus  doses.  The  pupils  were  dilated  with 
1%  tropicamide  and  1%  neosynephrin  drops.  The  animal  then  was  intubated  and  wrapped 
in  a  warming  blanket  on  a  padded  rotating  stage.  Temperature,  ECG  and  pC02  were 
monitored,  and  ventilation  and  blanket  temperature  were  adjusted  to  maintain  stable 
physiologic  values.  EEG  and  ECG  were  monitored  for  signs  of  discomfort  and  the 
anesthetic  level  adjusted  with  backup  doses  as  needed.  The  fovea  of  one  eye  was 
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aligned  in  front  of  the  fundus  camera  and  the  other  eye  patched  closed.  Each  animal 
had  been  individually  refracted  for  the  stimulus  distance  previously  and  had 
keratometry  performed  to  specify  the  appropriate  contact  lens  parameters.  This 
individually  fitted  corrective  contact  lens  was  placed  on  the  cornea  over  artificial 
tears  and  the  retina  visualized  through  it .  Figure  1  shows  the  optical  layout  and 
alignment  system . 

After  an  experimental  session,  the  animal  was  allowed  to  recover  from  the 
muscular  immobilizing  agent.  When  it  could  breathe  unassisted,  it  was  extubated, 
removed  to  the  transfer  cage  and  then  returned  to  the  colony  under  the  supervision 
of  the  veterinary  staff. 

^•2  Stimuli,  Recording  and  Data  Processing ;  The  hyperacuity  (vernier)  stimuli  were 
produced  on  a  square  high  resolution  (1024  pixels  squared)  monochrome  monitor 
(VisionProbe  (tm) )  measuring  8.35  degrees  of  visual  angle  at  the  eye.  The  stimulus 
was  constructed  of  five  black  vertical  bars  2.63  degrees  tall  on  a  white  background 
(78  Foot“Lamberts)  whose  center  third  was  horizontally  offset  and  subsequently 
realigned  694  msec  later  (0.72  Hz),  following  the  method  of  Levi  et  A  gap  of 
2  pixels  (0.97  arcmin)  was  placed  between  each  third.  Each  bar  measured  9  pixels 
(4.4  arcmin)  in  width  and  was  separated  from  its  neighbors  by  a  further  9  pixels 
producing  an  overall  pattern  width  of  81  pixels  (0.66  deg).  Contrast  was  measured 
at  99.6%.  The  offset  was  counterphased  between  0  and  (in  turn)  27,  18,  9,  4,  and  2 
pixels  to  evoke  the  VEP,  thus  covering  a  range  from  a  maximum  of  13.2  arcmin  (approx 
0.24  degrees)  down  to  0.98  arcmin.  The  VEP  was  recorded  from  bilateral  occipital 
scalp  electrodes  over  the  foveal  visual  cortex  individually  referenced  to  the 
eyebrows  (the  central  scalp  served  as  signal  common)  in  response  to  the  each 
stimulus  until  the  step  size  used  evoked  no  recognizable  response  (generally  around 
the  9  pixel  shift  size).  In  order  to  avoid  any  time  locked  activity  that  might 
obscure  the  signal,  a  random  500  msec  dither  was  introduced  between  each  1  second 
stimulus  epoch.  In  most  cases,  at  least  800  sweeps  acquired  over  multiple  runs  had 
to  be  averaged  together  and  the  2  cortical  channels  from  each  animal  combined  in 
order  to  get  a  response  with  sufficient  signal  under  these  anesthetic  and  recording 
conditions.  In  addition,  a  set  of  control  recordings  with  8  shift/sec  counter¬ 
phasing  99.6%  contrast  checkerboard  stimuli  at  1,  3  and  10  cycles/degree  filling  the 
entire  monitor  were  used  to  estimate  the  overall  visual  response  from  each  eye. 

The  steady  state  (8  Hz)  checkerboard  VEPs  were  underwent  Fourier  analysis  and 
the  strength  of  the  8  Hz  component  was  recorded.  This  power  spectral  density,  being 
bounded  at  0,  was  log  transformed  into  a  normal  distribution  before  the  analysis  of 
variance  (repeated  measures  ANOVA  by  CSS  Statistics,  StatSoft  Inc.,  Tulsa,  OK). 
Signal  to  noise  ratios  (s/n)  were  constructed  from  the  power  of  the  peak  pattern 
response  divided  by  the  average  power  in  the  2  neighboring  frequency  bins.  Since 
these  ratios  are  bounded  at  0,  they  were  log  transformed  before  analysis.  Next,  in 
order  to  create  a  standard  comparison  template,  all  vernier  evoked  potentials  were 
normalized  to  the  individual  animal's  control  eye  base  recording  (the  27  pixel 
shift).  The  averaged  normalized  vernier  VEPs  were  evaluated  by  cross  correlation 
limited  to  the  time  region  in  which  the  vernier  component  occurred  (between  186  ms 
to  250  ms,  containing  the  nominal  P200-N220  response)  both  to  this  average  template, 
and  also  between  each  eye  for  each  animal.  The  strongest  positive  correlation 
coefficient  (a  Pearson's  r)  at  the  closest  offset  (tau)  to  the  template  response  was 
chosen  to  characterize  the  response,  i.e  the  closest  local  maximum  r  to  tau=0. 
Additionally,  the  correlation  coefficient  at  tau=0  was  also  noted.  Since 
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correlation  coefficients  are  not  normally  distributed,  they  also  had  to  be 
transformed  via  the  equation  (known  as  a  Fischer's  transformation^^); 


x(r)=0,5  In  ( ( 1+r ) / ( 1-r ) ) .  (1) 

From  this,  means  and  standard  deviations  based  on  the  variable  x  can  be  determined, 
since  x  is  approximately  normally  distributed.  These  transformed  values  were  then 
compared  by  repeated  measures  ANOVA  and  the  effects  of  the  lesions  extracted.  For 
graphical  purposes,  normal  ranges  can  be  obtained  with  these  values  (e.g.  -i*/-  2 
S.D.),  and  then  back  transformed  to  provide  normal  boundaries  on  a  graph  of  r  vs  tau 
(the  lead/lag  amount)  via  the  inverse  of  equation  1  as  follows; 

r— 1—2/ (exp(2x)+l) ,  ^2) 

These  equations  coupled  with  the  cross  correlation  analysis  provides  an  relatively 
objective  method  of  statistically  determining  the  presence  of  any  reliable  response 
(i.e.  the  VEP),  rather  than  having  to  judge  which  "squiggle"  is  the  actual  response 
component . 


3.  RESULTS 


One  of  the  animals  (12043,  a  large  male)  had  pattern  VEPs  in  the  control  eye 
which  at  the  base  stimulus  (1  c/d  checkerboard)  were  too  small  to  be  useful;  this 
animal's  data  was  eliminated.  Further,  two  other  animals  (1209  and  12029)  had  no 
reliable  vernier  VEPs  even  to  the  largest  offset  in  the  control  eye  (correlation 
coefficients  with  the  template  were  consistently  negative) ,  and  so  were  dropped  from 
the  vernier  analyses.  In  order  to  attempt  a  statistical  analysis  with  the  remaining 
few  animals,  the  experimental  eyes  were  grouped  roughly  as  those  with  no  lesions  to 
minimally  visible  foveal  lesions  (2  animals),  and  those  with  severe  or  scarring 
foveal  lesions  (2  animals).  All  comparisons  were  made  against  their  paired  control 
eye  (repeated  measures  ANOVA).  Both  the  x{r)  at  tau=0  and  the  x(r)max  with  the 
coupled  tau  at  x(r)max  as  a  covariate  were  analyzed  as  a  function  of  lesion  class 
(minimal  vs  white  or  red  dot)  with  both  eye  and  offset  as  the  repeated  measures. 
More  quantitative  characterization  of  the  lesions  will  have  to  await  fluorescein 
angiography,  topographic  retinal  response  mapping  by  ERG,  detailed  scanning  laser 
ophthalmoscopy  and  postmortem  histology. 

Fig.  2  shows  the  normalized  summed  averages  series  of  VEP  responses  from  the  normal 
control  eyes  (OS)  and  from  all  the  fellow  laser  exposed  eyes  (OD)  elicited  by  3 
checkerboard  stimuli  of  differing  check  sizes.  As  can  be  seen,  the  lesioned  side 
has  pattern  VEP  responses  down  to  10  cycles  per  degree  that  appear  similar  to  the 
control  eye.  Despite  the  small  number  of  animals,  statistical  analysis  of  the 
signal  to  noise  ratios  derived  from  the  power  spectral  densities  of  the  steady  state 
pattern  VEPs  showed  that  as  a  class,  the  more  severely  exposed  eyes  have  lower 
log(s/n)  than  the  normal  eyes  (P=0.036);  however  overall  response  power  itself  was 
not  significantly  different  as  a  function  of  either  eye,  or  exposure  class  (see  fig. 
4).  There  was  a  tendency  towards  more  severe  effects  with  more  severe  lesions,  but 
this  did  not  attain  significance  (p=0.27).  Spatial  frequency  was  as  expected  a 
significant  factor  (P=0.005)  with  the  lowest  spatial  frequency  demonstrating  a 
stronger  response  than  the  smaller  patterns. 
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Fig,  4  shows  foveal  vernier  VEP  responses  from  one  animal/  demonstrating  that  even 
with  large  offsets,  the  response  decreases  in  the  lesioned  eye  while  remaining 
recordable  from  the  control  eye.  Analysis  of  the  maximum  crosscorrelation  results 
(with  the  corresponding  tau  set  as  a  covariate)  demonstrated  no  significant  effects 
due  to  eye,  class  or  vernier  offset,  even  though  the  trends  were  as  expected  (lower 
correlation  with  smaller  offsets,  in  the  lesioned  eye  and  with  more  severe  lesions). 
For  example,  comparison  of  the  data  between  exposure  classes  (minimal  vs  white  or 
red  lesions)  in  the  experimental  eye  demonstrated  a  tendency  towards  more  severe 
losses  of  correlation  with  the  more  severe  lesion,  but  the  effect  did  not  attain 
significance  (p=0,152).  In  contrast,  examination  of  the  correlation  results  with  no 
offset  in  time  (fig.  5)  showed  an  interaction  effect  between  lesion  class  and  eye 
(p=0.041).  Looking  at  only  the  exposed  eye  and  analyzing  for  the  effect  of  lesion 
class  across  all  vernier  offsets,  the  more  severe  lesion  was  significantly  more 
effective  in  dropping  the  response  {p=0.033).  Finally,  there  is  a  tendency  for  the 
interocular  correlation  to  drop  with  the  more  severe  lesions,  but  this  did  not 
attain  significance  in  this  small  sample  (p=0.13). 

Off-axis  burns  (5  degree)  did  not  seem  to  affect  vernier  acuity  in  these  particular 
long  term  animals,  e,g.  one  animal  with  an  apparent  MVL  in  the  fovea  but  with  white 
and  red  dot  lesions  in  periphery  has  vernier  VEP  responses  that  are  equivalent 
between  the  2  eyes. 


4,  DISCUSSION 


The  decrease  in  signal  to  noise  ratio  in  the  relatively  large  field  pattern 
VEPs  without  a  concomitant  loss  of  absolute  response  power  in  intriguing.  Does  an 
abnormal  fovea  actually  increase  the  visual  system *s  noise  as  opposed  to  simply 
removing  its  contribution  to  the  response?  This  type  of  masking  or  interference  may 
have  functional  consequences  that  extends  beyond  the  apparent  lesion  diameter,  and 
would  need  to  be  separately  considered.  On  the  other  hand,  the  data  presented  here 
does  not  support  the  inverse  idea,  viz.  that  damaged  peripheral  retina  has  a 
significant  ability  to  affect  foveal  function  as  measured  by  pattern  VEP. 

The  comparison  between  the  responses  to  checkerboard  stimuli  and  vernier 
stimuli  of  a  comparable  size  indicates  that  the  vernier  response  is  probably  even 
more  sensitive  to  retinal  disruption,  a  finding  in  opposition  to  that  noted  with 
optical  compromise.  This  might  be  expected,  since  the  pattern  VEP  responses  were 
obtained  with  stimuli  that  covered  normal  as  well  as  abnormal  retina,  but  the 
localized  vernier  stimuli  may  not  have  impinged  on  unexposed  retina,  and  in  the  case 
of  the  most  severe  lesions,  may  not  extend  outside  a  presumed  local  scotoma. 
Topographic  mapping  studies  using  electroretinography^^  are  in  progress  and  should 
clarify  the  extent  of  these  effects.  Other  data  exists  that  implicates  retinal 
ganglion  cells  as  being  the  limiting  factor  in  vernier  resolution.  While  this 
data  was  obtained  in  cats  rather  than  primates,  if  the  physiological  mechanism  holds 
across  species,  the  apparent  damage  to  vernier  acuity  with  the  current  laser  lesions 
implies  that  the  cortex  may  not  be  able  to  compensate  for  these  retinal  signal 
losses,  unlike  the  image  filling  in  or  illusory  border  completion  that  can  occur 
with  more  extended  patterns.^^  In  summary,  the  vernier  VEP  analyses  imply  that  for 
any  offset  size,  including  those  well  above  normal  vernier  threshold,  1)  there  tends 
to  be  a  drop  due  to  any  foveal  exposure,  and  2)  this  drop  appears  to  be  more  severe 
with  greater  lesions. 
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It  should  be  reiterated  that  not  all  animals  produced  recordable  vernier  VEPs 
with  this  protocol^  even  from  their  normal  eyes.  This  tended  especially  to  be  the 
case  for  the  larger  (male)  animals  and  may  be  an  artefact  of  their  greater  skull 
thickness  and  head  musculature  combined  with  the  small  size  of  the  signal  when 
recorded  by  surface  (either  subcutaneous  needle  or  scalp  cup)  EEG  electrodes.  In 
order  to  improve  this  situation,  implantation  of  chronic  electrodes  to  record  from 
at  least  the  dural  surface  probably  would  be  required. Finally,  an  exhaustive 
perilesional  mapping  protocol  in  order  to  maximize  any  vernier  signal  by  placing  it 
just  outside  of  a  (presumed)  lesion  scotoma  was  not  undertaken.  Behavioral  studies 
which  would  allow  the  animal  to  adopt  individual  compensatory  strategies  (such  as 
off  axis  viewing  with  alternate  preferred  retinal  loci)  might  be  more  appropriate  to 
determine  the  final  functional  consequences  of  discrete  retinal  lesions  such  as 
those  in  this  study. 
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7.  FIGURES 


Fig.  1:  Layout  of  the  optical  alignment  system  used  in  this  study.  He-Ne:  alignment 
laser;  be:  beam  splitter  cube;  ml,  m2  &  m3:  mirrors  (m3  can  be  moved  from  the  line 
of  sight);  p2:  removable  80%  reflecting  pellicle. 
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Fig.  3:  Data  graph  of  signal  to  noise  ratios  as  noted  in  text.  For  those 
with  white  or  red  dot  lesions,  the  exposed  eye  has  a  significantly  worse 
the  control  eye  (p=0.036) . 
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Fig.  5:  Data  graph  of  cross  correlation  results  with  no  time  offset  against  the  5b27 
OS  template.  For  those  animals  with  white  or  red  dot  lesions,  the  exposed  eye  has  a 
significantly  lower  correlations  than  the  control  eye  (p=0.033). 
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ABSTRACT 


The  proliferation  of  lasers  for  medical  care,  laser  displays,  industrial  applications  and  audio-visual  presentations  (e,g., 
pointers)  has  increased  the  potential  for  accidental  intrabeam  exposure  to  visible  laser  radiation  .  The  output  of  these 
laser  devices  may  be  limited  to  below  permissible  exposure  limits,  but  they  are  perceived  as  bright  and  can  affect 
performance.  The  disruption  experienced  while  viewing  a  laser  is  related  to  factors  that  include  the  retinal  irradiance 
level,  wavelength,  ambient  light  level  and  mode  (continuous  wave  (CW)  and  repetitively  pulsed  (RP)).  This  report 
describes  studies  where  these  factors  were  varied  to  assess  the  effects  of  laser  light  on  tracking  performance  in  a  laboratory 
simulator  and  in  a  field  study.  Disruption  was  determined  by  measuring  maximum  error  (the  deviation  from  the  center  of 
a  target  expressed  in  milliradians)  and  total  time  off  target.  Performance  disruption  increased  as  irradiance  levels 
increased  and  ambient  light  levels  decreased.  Under  dawn/dusk  conditions  relatively  low-level  laser  energy  produced 
performance  disruption.  Green  laser  light  at  the  peak  of  the  photopic  sensitivity  curve  was  more  disruptive  than  red  laser 
light.  Increased  error  scores  during  CW  and  RP  trials  were  attributed  to  average  rather  than  peak  power  effects.  More 
than  1500  laser  exposures  at  levels  up  to  MPE/2  have  been  given  to  volunteers.  Despite  transient  performance  disruption 
comparison  of  the  pre  and  post-laser  visual  performance  tests  and  fundus  evaluations  were  unremarkable. 

Key  words:  Lasers,  psychomotor  performance,  vision,  glare,  human. 

1.  INTRODUCTION 


Recently  there  has  been  a  proliferation  of  lasers  for  use  in  medical  treatment,  displays,  industry  and  as  pointers  for 
audio-visual  presentations.  In  addition  to  performing  their  primary  function(s)  these  devices  are  capable  of  disrupting 
optical  sensors  (including  eyes).  The  amount  of  disruption  experienced  is  related  to  factors  which  include  retinal 
irradiance  levels,  ambient  light  levels,  wavelength  and  mode.  The  results  of  exposure  to  relatively  high  levels  of  laser 
radiation  can  produce  damage  to  the  retina  or  cornea.  At  intermediate  levels  temporary  flashblindness  effects  can  be 
present  after  the  laser  is  turned  off.  These  include  the  appearance  of  a  scotoma  or  disruptive  afterimage  lasting  from 
seconds  to  minutes  At  relatively  low  irradinace  levels  a  veiling  glare  is  present  when  the  laser  is  turned  on,  but  the  visual 
disruption  ends  when  the  laser  is  turned  off.  The  effects  of  high  levels  of  laser  energy  on  visual  performance,  where 
damage  has  occurred,  is  more  easily  predicted  than  at  low  or  intermediate  levels.  Because  the  human  eye  is  more  sensitive 
to  some  wavelengths  than  others,  individuals  viewing  visible  wavelength  lasers  will  experience  different  degrees  of 
disruption  depending  on  the  wavelength.  Lasers  which  produce  green  light  are  perceived  as  being  brighter  than  red  or  blue 
lasers  at  comparable  irradiance  levels  since  they  operate  near  the  peak  of  the  photopic  spectral  sensitivity  curve.  Ambient 
light  level  can  alter  the  apparent  brightness  of  the  laser  light.  The  disruptive  effects  are  greater  under  mesopic  conditions 
where  the  sensitivity  of  the  eye  is  greatly  increased  due  to  a  larger  pupil,  a  shift  of  photopigments  in  the  retina,  and  an 
increase  in  perception  of  intraocular  scatter.  However,  under  photopic  conditions,  intrabeam  viewing  of  visible 
wavelength  lasers  will  produce  an  intense  colored  light  on  a  small  retinal  area  which  may  not  completely  obscure  the 
visual  field.  During  bright-light  conditions  under  irradiance  levels  that  are  safe  for  viewing,  unlike  non-laser  light  sources 
which  can  produce  a  full  field  flash,  visible  lasers  because  they  are  a  point  source  will  produce  an  intense  colored  light 
which  may  not  completely  obscure  the  entire  visual  field.  The  visible  area  outside  the  bright  center  can  provide  added 
information  which  can  reduce  the  amount  of  visual  disruption.  Because  lasers  can  generate  high  irradiance  levels,  the 
appearance  of  persistent  afterimages  and  scotomas  scattered  across  the  visual  field  as  a  result  of  eye  movements  made  to 
the  adversive  stimulus  can  produce  greater  disruption  than  a  full-field  flash  despite  the  reduced  area  of  the  retina  affected 
by  the  laser  light.  Finally,  at  comparable  energy  levels,  the  disruptive  effects  of  a  continuous  wave  (CW)  laser  which 
provides  a  constant  glare  source  may  be  different  than  a  repetitively  pulsed  laser  w^hich  appears  to  be  strobing. 
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Data  that  describes  the  effects  of  lasers  on  visual  performance  will  be  of  greatest  value  if  it  can  be  used  to  predict 
performance  on  a  variety  of  tasks.  Pursuit  tracking  is  a  common  test  which  has  been  extensively  studied  (1)  and  can  be 
applied  to  many  psychomotor  tasks  where  aiming  is  required.  For  example,  if  someone  attempts  to  keep  a  flashlight  on  a 
moving  object  or  the  crosshairs  of  the  site  on  a  target,  they  are  performing  a  pursuit  tracking  task.  Our  work  in  the  field 
(2)  and  in  the  laboratory  (3)  has  studied  the  effects  of  lasers  on  pursuit  tracking  performance. 

The  purpose  of  this  paper  is  to  present  the  results  of  a  series  of  studies  that  were  conducted  in  a  laboratory  simulator 
and  in  a  field  study  setting.  These  studies  have  evaluated  the  effects  of  laser  irradiance  levels,  wavelengths,  ambient  light 
levels  and  presentation  mode  on  pursuit  tracking  performance.  The  irradiance  levels  used  in  these  studies  were  presented 
at  sub-maximum  permissible  exposure  levels  (MPE)  that  were  specified  in  the  ANSI-Z-136.1  standards  (4).  To  insure  the 
visual  health  of  all  volunteers  pre-  and  post-laser  exposure  eye  examinations  were  given. 

2.  METHODS 


2.1  Volunteers  All  of  the  studies  were  reviewed  by  Human  Use  and  Scientific  Review  Committees.  The  conduct  and 
progress  of  the  project  was  monitored  by  an  ophthalmologist.  Ages  of  the  volunteers  ranged  from  19  to  50  yrs.  Each 
volunteer  was  given  a  preliminary  ophthalmic  screen  and  fundus  evaluation  to  insure  good  ocular  health  prior  to 
beginning  the  study.  The  tests  performed  were:  the  Snellen  visual  acuity,  the  Amsler  Grid  for  central  field  deficits  or 
macular  disease,  the  Spectrum  Color  Vision  Meter  712,  and  the  Famsworth-Munsell  100  Hue  test.  Slit-lamp  fundoscopy 
was  performed  by  the  responsible  physician.  At  the  conclusion  of  each  study  the  visual  battery  was  repeated.  All 
volunteers  signed  a  Privacy  Act  and  Subject  Informed  Consent  Statement  acknowledging  that  the  purpose  and  all  hazards 
associated  with  the  study  had  been  explained  to  them. 

2.2  Apparatus 

2.2.1  Field  tests  The  field  test  were  conducted  using  a  ground  mounted  Tube-Launched,  Optically-Tracked,  Wire- 
Guided  (TOW)  missile  launcher  which  had  been  electronically  modified.  The  TOW  unit  was  interfaced  with  a  386  NEC 
laptop  computer  with  an  expansion  chassis  containing  a  National  Instruments  16-bit  Analog-to-Digital  (A/D)  board.  The 
single-ended  signal  for  pitch  and  yaw  from  the  TOW’s  missile  guidance  unit  was  routed  to  the  A/D  board  which  provided 
the  signal  for  determining  horizontal  and  vertical  aiming  error  scores  and  for  on-line  data  processing  and  storage.  The 
TOW  missile  launcher  was  positioned  in  an  overlook  position  1500  -2000  m  from  the  target  vehicle. 

The  target  vehicle,  a  High  Mobility  Multipurpose  Wheeled  Vehicle  (HMMWV)  had  an  M-70  infrared  (IR)  training  source 
mounted  center-of-mass  on  the  passenger  side  which  provided  the  reference  point  for  the  error  detection  system.  With  the 
IR  source  attached  to  the  passenger  side  of  the  HMMWV  collection  of  tracking  data  was  limited  to  movement  in  the  left- 
to-right  direction.  The  angular  speed  of  the  target  was  5  mrad/sec  for  the  30-sec  tracking  epoch.  An  Optronics  Lab 
Imaging  Spectrophotometer  was  used  to  obtain  luminance  measurements  of  the  target  and  scene.  The  luimnous  contrast 
was  calculated  to  be  18-20  %. 

The  green  line  (514.5  nm)  for  an  argon  ion  laser  and  the  red  (632.8  nm)  line  of  the  HeNe  laser  were  used  as  the  flash 
sources  in  these  studies.  For  the  repetitively  pulsed  trials  (RP)  a  mechanical  chopper  was  used  to  create  the  desired  pulse 
rates  and  widths.  The  laser  light  was  introduced  into  the  optics  of  the  TOW  via  a  fiber  optic  cable  that  was  connected  to  a 
box  mounted  on  the  TOW  sight.  This  box  contained  optics  that  re-collimated  the  beam  before  it  passed  to  the  objective  of 
the  sight.  A  shutter,  preset  for  the  desired  exposure  duration  was  activated  by  the  investigator  during  the  laser  exposure 
trials.  To  preclude  any  possible  injuries  due  to  “knob  twiddling,”  the  laser  was  operated  at  full  power  and  a  neutral 
density  filter  was  permanently  placed  in  the  optical  pathway  to  limit  the  laser  light  to  the  desired  irradiance  level.  The 
irradiance  levels  were  calculated  based  upon  the  maximum  permissible  exposure  (MPE)  levels  provided  in  the  ANS-Z- 

136.1  standards.  A  radiometer  was  used  to  ensure  that  the  laser  energy  was  within  the  specified  range.  Power  for  the 
laser  and  the  TOW  unit  was  provided  by  two  portable  generators. 

Measurement  of  the  ambient  light  level  indicated  the  average  luminance  to  be  approximately  4000  cd/m^.  The 
dawn/dusk  trials,  created  by  inserting  a  0.1%  transmitting  neutral  density  filter  over  the  front  of  the  TOW  collecting 
optics,  reduced  the  ambient  light  level  to  =  4  cd/m^.  During  these  reduced  illumination  trials  a  black  cloth  covered  the 
upper  torso  of  the  person  and  the  eye  piece  of  the  TOW,  which  significantly  restricted  the  light  reaching  the  eye  except  for 
the  amount  coming  through  the  ocular,  while  allowing  the  person  tracking  to  adjust  to  the  lower  ambient  light  level.  A 
five-min  adaptation  period  was  given  to  each  person  to  allow  them  to  adjust  to  the  simulated  dawn/dusk  conditions. 
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2.2.2  Laboratory  tests  The  laboratory  portion  of  these  studies  were  conducted  in  the  “BLASER”  simulator.  The 
BLASER  simulator  consists  of  a  26  x  30  ft  terrain  board  which  depicts  a  desert-like  scenario.  A  computer  station  for  data 
collection  and  an  8  x  8  ft  bunker,  which  contains  an  in-house  constructed  viscous  damped,  dual  pistol  handle,  monocular 
eyepiece  tracking  device  were  located  adjacent  to  the  terrain  board.  The  tracking  device  with  its’  mechanical  and  optical 
enhancements  provided  tracking  data  appropriate  for  a  2  km  distance  and  visually  simulated  a  lOx  sight  at  that  distance. 
An  infrared  light-emitting  diode  (IR  LED)  located  in  a  center-of-mass  position  on  the  target  was  imaged  by  a  television 
camera  mounted  coaxially  with  the  optics  of  the  tracking  device.  The  IR  LED  was  invisible  to  the  operator.  The  IR  signal 
provided  a  reference  point  for  the  microprocessor  and  associated  software  to  determine  and  store  aiming  error  data  at 
frame  rate. 

The  target,  a  l/35th  scale  Russian  T-72  tank  was  track-mounted  and  traversed  an  arc  on  the  terrain  at  the  simulated 
distance  of  2  km.  It  was  driven  alternately  in  the  left-to-right  and  then  right-to-left  direction  at  a  constant  angular  velocity 
of  5  mrad/sec  for  15  sec.  Luminance  measurements  of  the  camouflaged  tank  and  background  were  taken  with  an  imaging 
Spectrophotometer.  The  calculated  contrast  of  the  target  to  the  background  was  23%. 

The  laser  sources  for  the  flash  trials  was  again  an  Argon  ion  or  HeNe  laser  as  described  in  the  field  study  section.  The 
laser  light  was  introduced  into  the  optics  of  the  tracking  device  using  a  fiber  optic  cable  and  reflected  into  the  eyepiece 
through  a  50/50  mirror.  Again  a  shutter  was  activated  by  the  investigator  during  the  preselected  laser  exposure  trials.  As 
in  the  field,  the  laser  was  operated  at  full  power  and  with  a  neutral  density  filter  permanently  placed  in  the  optical  pathway 
which  limited  the  laser  light  to  the  intended  irradiance  level.  A  radiometer  was  used  to  ensure  that  the  laser  energy  was 
within  the  specified  range. 

The  terrain  luminance  was  430  cd/m^.  The  dawn/dusk  condition  was  simulated  by  inserting  a  Neutral  Density  (ND) 
filter  with  an  optical  transmission  of  1%  (2  OD)  that  reduced  the  terrain  luminance  to  4.3  cd/m^.  The  bunker  light  was 
turned  off  during  the  dawn/dusk  condition  trials  and  no  light  entered  the  bunker  except  through  the  optics  of  the  tracking 
device.  As  with  the  field  study,  a  five-min  adaptation  period  was  given  to  each  person  to  allow  them  to  adjust  to  the 
simulated  dawn/dusk  conditions. 

2.2.3  Procedure  All  volunteers  received  identical  training  in  the  field  and  in  the  simulator  which  was  conducted  over 
a  two-day  period.  The  first  training  day  consisted  of  twenty-two  1-min.  trials,  1 1  under  the  bright  ambient  light  condition 
and  11  under  the  dawn/dusk  ambient  light  condition.  Each  trial  was  initiated  by  the  commands  “READY”  and  “GO”. 
Because  the  length  of  the  tracking  periods  (30  sec  for  the  TOW  and  15  sec  for  BLASER)  one  complete  round  trip  (i.e., 
two,  30  sec  tracks)  was  required  in  the  field  and  two  round  trips  in  the  simulator  (i.e.,  four,  15  sec  tracks)  to  complete 
each  of  the  1-min  training  trials.  The  volunteers  were  aware  of  the  number  of  roimd  trips  and  continued  to  track  the  target 
until  it  stopped.  The  data  that  was  used  to  assess  the  progress  of  training  and  provide  feedback  on  the  first  training  day 
was  taken  during  the  first  30  sec  of  each  trial  in  the  field  and  during  the  first  15  sec  of  each  trial  in  the  simulator.  During 
the  second  training  day  each  volunteer  performed  15  trials  in  the  bright  light  and  15  in  the  dawn/dusk  condition.  During 
the  second  day  the  duration  of  the  trials  in  the  field  and  the  simulator  were  of  their  standard  length  (i.e.,  30  sec  for  TOW 
and  15  for  BLASER).  Percent  time  on  target  (TOT)  and  standard  deviation  (SD)  error  scores  were  announced  to  the 
person  tracking  after  each  trial  as  feedback  to  assist  in  their  training.  This  training  schedule  was  found  to  be  the  most 
efficient  and  produced  performance  levels  which  best  matched  the  longer  five-day  schedule  used  in  our  earlier  work  (5). 

On  the  test  day  the  volunteers  were  told  they  would  periodically  receive  a  brief  flash  of  laser  light  that  was  bright,  but 
safe  for  viewing.  One  flash  presentation  schedule  was  used  for  all  volunteers.  The  six  flash  trials  in  the  field  and  in  the 
six  in  the  BLASER  simulator  were  presented  at  a  rate  of  one/five  trials  and  the  flash  presentation  within  each  group  of 
five  trials  was  random.  The  flash  was  initiated  at  the  same  location  along  the  course.  The  order  of  the  flash  presentation 
was  unknown  to  the  volunteers.  During  both  bright  light  and  dawn/dusk  trials  the  veiling  glare  completely  obscured  the 
target  vehicles.  Each  volunteer  was  told  to  preserve  their  vision  as  best  as  possible  since  this  would  enable  them  to 
quickly  reacquire  the  target.  They  were  told  that  they  must  continue  to  use  the  same  eye  and  could  not  switch  eyes  after 
the  flash. 

2.2.4  Statistical  analyses  The  tenain  in  the  field  and  in  the  BLASER  simulator  was  essentially  flat  and  required  little 
change  in  the  vertical  tracking  component.  Visual  inspection  of  the  vertical  tracking  data  was  unremarkable  and  showed 
almost  no  change  in  tracking  error  across  all  trials.  Therefore,  the  results  will  include  only  the  horizontal  tracking  data. 
The  first  2  sec  and  the  last  2  sec  of  each  trial  were  not  used,  to  eliminate  the  effects  of  start-up  and  stopping.  Maximum 
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absolute  error  scores  (MAE),  which  represented  the  largest  excursion  in  either  direction  from  the  center-of-mass  aiming 
point,  were  calculated  for  all  TOW  and  BLASER  trials.  Total  time-off-target  (TTOT)  scores  were  computed  for  all  flash 
trials  (note  that  these  are  total-time-off-target  scores  as  compared  to  TOT  scores  given  to  volunteers  for  feedback).  The 
criterion  for  being  off-target  was  an  error  larger  than  +/-  one  mrad  on  the  horizontal  axis.  The  target  was  judged  to  be 
reacquired  when  the  horizontal  error  was  <  1  mrad  for  a  2-sec.  period.  This  criteria  was  selected  since  complete  recovery 
to  the  pre-flash  steady-state  level  is  rarely  attained  within  the  short  recovery  periods  used  in  these  studies  (approximately 
25  sec  for  the  TOW  unit  and  12  sec  for  the  laboratory  simulator).  However,  an  aiming  error  <  +/-  1  mrad  for  2  sec 
indicated  that  they  could  see  the  target  and  cross  hairs  well  enough  to  make  the  minor  adjustments  necessary  to  stay  on 
the  target  vehicle  and  were  not  simply  passing  by  chance  through  that  area.  Analysis  of  Variance  (ANOVA)  appropriate 
for  each  respective  study  was  run  based  on  the  design  of  each  study.  Post  hoc  tests  were  performed  and  the  0.05  level  was 
used  for  determining  significance. 


3 -RESULTS 


3.1  Study  1  -  HeNe  laser  (632.8  nm)  exposures  in  the  BLASER  laboratory  simulator.  The  first  of  the  human  on-axis 
laser  exposure  studied  was  conducted  in  the  BLASER  tracking  simulator  using  relatively  low  levels  of  HeNe  laser  energy. 
This  was  done  to  insure  the  safety  of  the  volunteers  since  this  was  the  first  purposeful  on-axis  exposures  made  using 
humans  in  a  non-clinical  setting.  Table  1  presents  the  dosimetry  for  the  twelve  exposure  conditions.  Levine  et  al.  used  a 
0.5  mW  HeNe  laser  to  present  four  different  irradiance  levels  during  bright  light  (=  250  nits)  and  simulated  dawn/dusk 
conditions  (0.8  nits)  for  1,  3,  and  5  sec.  The  four  irradiance  levels  were  0.047,  0.47,  4.7,  and  47  pW/cm^ .  The  MPEs  for 
exposure  duration’s  of  1,  3,  and  5  sec  are  1800,  1370,  and  1200  pW/cm^  respectively. 


TABLE  1 

BLASER  HeNe  EXPOSURE  CONDITIONS/DOSIMETRY 


CORNEAL  IRRADIANCE  (E,) 


CORNEAL  RADIANT  EXPOSURE  (He)* 
1  -  sec  3  -  sec  5  -  sec 


47.0 

47.0  (1/38)** 

141.0  (1/29) 

235.0  (1/25) 

4.7 

4.7  (1/380) 

14.1  (1/290) 

23.5  (1/250) 

0.47 

0.47  (1/3800) 

1.41  (1/2900) 

2.35  (1/2500) 

0.047 

0.047  (1/38000) 

0.141  (1/29000) 

0.235  (1/25000) 

♦Total  Dose:  He  =  Ed.  Where  t  =  exposure  duration 

♦♦Ratio  of  exposure  dose  to  the  maximum  permissible  exposure  (MPE). 


During  the  bright  light  trials  the  MAE  scores  were  essentially  unchanged  (Fig.l)  except  for  the  highest  irradiance  level. 
For  the  dim  light  trials  off-target  excursions  were  found  for  all  exposure  duration’s  and  irradiance  levels  except  for  the  one 
sec  exposures  at  0.047  pW/cm^.  Significance  tests  for  MAE  scores  were  not  reported.  However,  as  seen  in  Fig  1  when 
ambient  light  level  decreased,  laser  irradiance  level  increased  and  exposure  duration  became  longer,  MAE  scores  clearly 
increased. 
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3.2  Study  2-  HeNe  laser  exposures  in  the  field.  To  validate  and  extend  the  results  obtained  in  the  BLASER  tracking 
simulator  work  we  conducted  a  field  study  using  the  modified  TOW  system.  A  5  mW  HeNe  laser  was  used  as  the  flash 


1-Sec  3-Sec  5-Sec  1-Sec  3-Sec  5-Sec 


Bright  Dawn/dusk 


.047 


.47  ®4.7  HI  47 

OiW/cm*) 


Fig  1.  -  Off  target  excursions  (i.e.,  +/-  2  mrad  for  the  center 
of  the  target)  for  each  flash  condition  under  bright  ambient 
light  condition. 


source.  In  this  study  the  number  of  irradiance  levels  was  reduced  from  four  to  two  (i.e.,  12  and  120  (xW/cm^ )  which  was 
equal  to  1/100*  and  1/10*  of  the  MPE  respectively  (Table  2).  Two  flash  duration’s  of  3  and  5  sec  were  used  during 
bright  and  dawn/dusk  ambient  light  levels.  In  response  to  requests  for  data  to  assess  possible  differences  between  a  CW 
and  a  RP  lasers,  a  20  Hz,  280  psec  pulse  duration  exposure  condition  was  created  by  placing  a  mechanical  chopper  in  the 
optical  pathway. 


TABLE  2 

TOW  HeNe  EXPOSURE  CONDITIONS/DOSIMETRY 


MPE  Level 

CW 

Repetitive  Pulse 

Peak  Average 

MPE 

1200  pW/cm^ 

13,900  pW/cm^ 

78.0  pW/cm^ 

MPE/10 

120  pW/cm^ 

1,390  pW/cm^ 

7.8  pW/cm^ 

MPE/100 

12  pW/cm^ 

130  pW/cm^ 

0.78  pW/cm^ 

The  MAE  scores  for  the  bright  light  trials  are  presented  in  Fig.  2.  The  results  of  the  Analysis  of  Variance  of  the  MAE 
scores  indicated  that  only  the  mode  factor  was  significant.  These  tests  indicated  that  with  the  exception  of  the  CW  1/100 
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TOW  HeNe  MAE  SCORES 


0  12  3 

MAE  (mrad) 


B7.0  MW/cm^  (5  SEC)  [^7.0  [jW/cm*  (3  SEC) 
@  0.7  |jW/cm*  (5  SEC)  g  0.7  MW/cm*  (3  SEC) 


Fig  2  -  MAE  scores  following  exposure  to  1/10  Th.  and  1/100  Th.  MPE 
levels  of  CW  and  RP  HeNe  laser  light  for  three  or  five  sec. 


MPE,  3  sec  and  the  RP  1/10  MPE,  5  sec  trials,  all  of  the  CW  trials  were  significantly  higher  than  the  RP  trials.  During 
the  dawn/dusk  trials  the  flash  effects  were  dramatic.  Statistical  evaluation  of  these  data  was  not  performed  since  most  of 
the  MAE  scores  went  beyond  the  range  of  measurement  of  the  system  and  the  recovery  times  extended  beyond  the  length 
of  the  trials  (i.e.,  25  sec)  for  all  but  the  RP  1/100  MPE  trials.  As  with  the  laboratory  study  laser  flashes  presented  during 
reduced  ambient  illumination  produced  substantially  larger  MAE  scores. 


TABLES 

TOW  HeNe  ANOVA  RESULTS 


Source 

df 

MS 

Mode  (A) 

1 

5.21 

Error 

7 

.58 

Irradiance  (B) 

1 

.61 

Error 

7 

.32 

AXB 

1 

.22 

Error 

7 

.18 

Duration  (C) 

1 

.81 

Error 

7 

.81 

AXC 

1 

1.34 

Error 

7 

1.27 

BXC 

1 

.16 

Error 

7 

.19 

AXBXC 

1 

.06 

Error 

7 

.39 
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3.3  Study  3  -  Argon  laser  (514.5  nml  exposures  in  the  BLASER  laboratory  simulator.  The  photopic  sensitivity  curve  of 
the  hiitnan  eye  is  approximately  three  times  as  sensitive  to  light  in  the  green  region  of  the  visible  light  spectrum  as  it  is  to 
red  or  blue  light.  When  assessing  the  potential  disruptive  effects  of  laser  light  on  visuo-motor  performance  it  would  be 
expected  that  green  laser  light  such  as  the  514.5  run  line  from  an  Argon  laser  would  be  more  disruptive  than  light  from  a 
HeNe  laser  operating  at  632.8  nm.  To  test  this  hypothesis  we  presented  volunteers  with  Argon  laser  flashes  in  the 
BLASER  tracking  simulator.  As  in  the  earlier  TOW  field  study  the  irradiance  levels  were  1/10*  and  1/100*  of  the  MPE 
and  a  CW  and  RP  condition  was  created  by  inserting  a  mechanical  chopper  into  the  optical  pathways  of  the  laser  beam 
creating  a  string  of  20  Hz  pulses  for  3  or  5  sec.  Table  4  presents  the  dosimetry  for  each  of  the  conditions  and  Fig  3 
visually  depicts  the  bright  light  trials. 


TABLE  4 

BLASER  ARGON  EXPOSURE  CONDITIONS/DOSMETRY 


MPE  Level 

CW 

Repetitive  Pulse 

Peak  Average 

MPE 

1200  pW/cm^ 

13,900  pW/cm^ 

78.0  pW/cm^ 

MPE/IO 

120  pW/cm^ 

1,390  pW/cm^ 

7.8  pW/cm^ 

MPE/100 

12  pW/cm^ 

130  pW/cm^ 

0.78  pW/cm^ 

BLASER  ARGON  MAE  SCORES 


PULSED 


LU 

Q 

O 


CW 


MAE  (mrad) 

\  7.0  pW/cm^  (5  SEC)  ^  MW/cm^  (3  SEC) 
j  0.7  MW/cm^  (5  SEC)  gl  0.7  pW/cm^  (3  SEC) 


Fig  3  -  MAE  scores  following  exposure  to  1/10^.  and  1/100^. 

MPE  levels  of  CW  and  RP  argon  laser  light  for  three  or  five  sec. 

Inspection  of  Fig.  3  indicates  that  the  CW  trials  produced  larger  error  scores  than  did  the  RP  trials  and  the  1/10^  MPE 
condition  produced  larger  error  scores  than  did  the  1/100^  MPE  trials.  Additionally,  5  sec  flash  duration’s  trials 
produced  larger  error  scores  than  did  the  3  sec  trials.  The  results  of  the  ANOVA  of  the  bright  light  MAE  scores  (Table  5) 
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TABLES 


BLASER  ARGON  ANOVA  RESULTS 


Source 

df 

MS 

F 

P 

Mean  Error 

1 

7.94 

13.56 

0,00 

Mode  (A) 

1 

11.19 

183,73 

0,00* 

Irradiance  (B) 

1 

11.43 

131,26 

0.00* 

AXB 

1 

2.56 

58.89 

0.00* 

Duration  (C) 

1 

.44 

9.81 

0.02* 

AXC 

1 

0.00 

0.00 

0.99 

BXC 

1 

0.09 

1.15 

0.31 

AXBXC 

1 

0.62 

12.22 

0.01* 

confirms  what  is  shown  in  Fig  3.  Mode  was  again  found  to  be  significant  and  additionally,  irradiance  level,  flash 
duration,  and  the  three-way  interaction  of  mode,  irradiance  level,  and  flash  duration  were  all  significant.  During  the 
dawn/dusk  trials  many  of  the  MAE  scores  were,  as  with  the  HeNe  TOW  study  presented  above,  beyond  the  limits  of  the 
system  and  the  recovery  times  extended  beyond  the  length  of  the  trial. 

3,4  Study  4  -  Argon  laser  light  (514.5  nm)  exposures  in  the  field.  This  field  study  was  conducted  to  provide  answers  to 
several  questions.  The  first  purpose  was  to  validate  the  results  found  in  the  BLASER  study  using  the  Argon  laser  in  a 
field  study  setting.  Next,  we  intended  to  demonstrate  a  post-flash  daylight  effect  could  be  achieved  by  increasing  the 
irradiance  level  to  0.4  MPE.  Finally,  we  increased  the  RP  rate  to  30  Hz  to  determine  if  this  higher  repetition  rate,  which 
is  closer  to  the  flicker  fusion  rate,  would  reduce  the  difference  between  the  RP  and  CW  conditions.  The  laser  source  was  a 
20  mW  Argon  ion  laser  with  a  mechanical  chopper  that  provided  a  30  Hz  string  of  pulses  with  a  245  jisec  pulse  width. 
Table  6  presents  the  dosimeter  for  all  laser  exposure  conditions. 


TABLE  6 

TOW  ARGON  EXPOSURE  CONDITIONS/DOSEMETRY 


MPE  Level 

CW 

Peak 

Repetitive  Pulse 
Average 

MPE 

1200  nW/cm^ 

6520  nW/cm^ 

33.4  ^W/cm^ 

MPE/2.4 

480  )^W/cm^ 

3260  i^W/cm^ 

24  ^W/cm^ 

MPE/24 

48  |iW/cm^ 

330  nW/cm^ 

2.4  nW/cm^ 
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The  MAE  results  during  the  bright  light  trials  found  that  33%  of  the  scores  went  beyond  the  limits  of  measurement  of 
the  system.  Seventeen  were  CW  trials  and  only  three  were  RP  trials.  With  1/3  of  the  trials  beyond  the  limits  of 
measurement  it  was  decided  for  these  trials  to  use  the  TTOT  scores  whose  pattern  closely  parallel  MAE  scores.  The 
TTOT  bright  light  scores  in  the  field  were  nearly  all  complete  since  the  trials  lasted  for  30  sec  which  was  twice  as  long  as 
the  BLASER  trials 


TOW  ARGON  TTOT  SCORES 


01  23456789  10  11 


TTOT  (sec) 


24  pW/cm^  (5  SEC)  ||  24  pW/cm^  (3  SEC) 
2.4  iJW/cm^  (5  SEC)  □2.4  pW/cm"  (3  SEC) 


Fig  4  -  TTOT  scores  following  exposure  to  CW  or  RP 
argon  laser  light  at  1/10  ^  or  1/100  ^  of  the  MPE  for 
three  or  five  sec. 

and  gave  the  tracker  enough  time  to  recover  from  the  flash.  Fig  4  shows  the  TTOT  results  for  the  bright  light  trials  and 
Table  6  summarizes  the  ANOVA  results  of  these  data.  The  pattern  of  scores  in  Fig  4  indicates  that  CW  exposures 
produced  longer  off-target  times  than  did  RP  trials  and  1/10*  MPE  trials  produced  longer  off  target  times  than  did  the 
1/100*  MPE  trials.  Five  sec  exposures  produced  larger  error  scores  than  did  the  3  sec  exposures.  These  results  are 
confirmed  statistically  in  Table  7  where  the  main  effects  of  mode,  irradiance  level  and  flash  duration  were  significant. 
During  the  dawn/dusk  trials  it  was  anticipated  that  the  effects  would  be  even  more  dramatic  than  with  the  earlier  BLASER 
and  TOW  studies  because  of  the  higher  irradiance  levels.  This  was  found  to  be  true.  Of  the  64  trials  during  dawn/dusk 
condition  only  2 1  remained  within  measurement  of  the  system. 

3.5  -  Pursuit  tracking  performance  related  to  irradiance  levels,  flash  duration,  ambient  light  level  and  mode. 

The  developing  nature  of  this  work  which  provided  timely  information  relevant  to  the  understanding  of  the  effects  of 
lasers  on  vision  and  performance  makes  the  direct  comparison  of  some  of  the  studies  difficult.  However,  if  we  use  a 
relational  approach  to  assessing  the  performance  differences  among  the  studies  we  can  show  important  relationships 
among  these  variables.  Fig  5  presents  TTOT  scores  for  the  data  points  when  complete  data  was  determined  (i.e.,  all  had 
target  recovery  times).  These  scores  were  plotted  against  the  log  of  the  ratio  of  the  laser  radiance  (i.e.,  the  apparent 
brightness  of  the  laser  in  Lm/m^sr)  divided  by  the  apparent  brightness  of  the  ambient  light  level  (in  Lm/m^sr).  It  is  clearly 
seen  that  as  the  ratio  of  the  two  irradiance  levels  increase,  TTOT  scores  also  increase.  The  Pearson  product  moment 
correlation  was  r  =  0.59. 
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Time-Off-Target/  Exposure  Duration 


TABLE? 


TOW  ARGON  ANOVA  RESULTS 


Source 

df 

MS 

F 

P 

Mode  (A) 

1 

326.66 

Error 

7 

26.82 

Irradiance  (B) 

1 

41.10 

Error 

7 

16.92 

AXB 

1 

8.11 

Error 

7 

20.78 

Duration  (C) 

1 

143.43 

Error 

7 

18.23 

AXC 

1 

0.03 

Error 

7 

11.37 

BXC 

1 

4.30 

Error 

7 

14.36 

AXBXC 

1 

38.61 

Error 

7 

21.73 

Note*  -  Only  significant  F  values  are  presented. 

EFFECTS  OF  LASER  GLARE  ON  TRACKING  PERFORMANCE 


Fig  5  -  TTOT  scores  (+/-  one  mRad)  as  a  function  of  the  ratio  of  photometric  brightness  of 
the  laser  and  the  scene. 
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We  can  also  plot  a  distribution  of  scores  (Fig  6),  winch  shows  the  relationship  between  laser  irradiance  (W/cm^)  and 
ambient  luminance  (Lm/m^sr).  The  ambient  light  levels  extend  from  bright  moon  light  (10'^  -  10'^  Lmym^sr)  through 
dawn/dusk  in  the  simulator  (10®  -  lO  '  Lm/m^sr)  and  in  the  field  (lO’  -  10®  Lm/m^sr)  to  bright  light  in  the  simulator  (10^  - 
10^  Lm/m^sr)  and  in  the  field  (10^  -  10'*  Lm/m^sr).  The  laser  irradiances  which  include  a  range  that  extends  from  nW’s 
(i.e.,  10'®)  through  mW’s  (i.e.,  10'^).  The  oval  circles  on  the  graph  represent  exposure  conditions  for  studies  we 
conducted  and  for  two  accidental  night  time  exposures  of  pilots.  The  lower  set  of  three  lines  on  the  graph  represent  a 
range  of  laser  irradiances  which  produced  disruption  of  performance  for  the  period  of  time  the  laser  was  on.  When  the 
laser  was  turned  off,  they  immediately  reacquired  the  target.  (The  upper  line  was  for  green  lasers,  the  lower  line  was  for 
red  lasers,  and  the  middle  was  the  average).  The  upper  group  of  of  three  lines  show  the  laser  irradiance  levels  which 
produced  TTOT  scores  that  lasted  twice  as  long  as  the  time  the  laser  was  on  (i.e.,  a  post  flash  effect).  It  is  apparent  that  at 
low  ambient  light  levels  it  takes  relatively  little  laser  energy  to  disrupt  performance.  However,  to  under  bright  ambient 
light  conditions  it  takes  about  0.5  mW  of  energy  to  produce  effects  which  persist  beyond  time  the  laser  is  on. 
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Fig  6  -  Laser  induced  glare  effects  on  performance  as  a  function  of  ambient  light  level  and 
laser  irradiance  levels. 


4 -DISCUSSION 

From  the  results  noted  above  several  points  merit  additional  comment.  First,  we  found  that  higher  irradiance  levels 
produced  larger  error  scores  than  did  relatively  lower  irradiance  levels.  This  was  true  for  bright  light  trials  once  the 
irradiance  levels  approached  MPE/10.  In  the  TOW  HeNe  study  where  the  irradinace  level  was  1/20^  of  the  MPE  only 
mode  was  found  to  be  significant.  In  the  later  studies  at  MPE/10  or  higher  a  dose  response  was  found.  During  the 
dawn/dusk  trials  all  but  the  lowest  irradiance  level  that  was  used  (i.e.,  0,047  pW/cm^)  produced  off-target  excursions. 
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Direct  comparison  of  red  vs  green  lasers  for  each  of  the  two  systems  (TOW  vs  BLASER)  was  not  possible  because  the 
parameters  in  each  of  the  studies  changed.  One  comparison  which  can  be  made  is  between  the  C  W  exposures  made  in  the 
TOW  HeNe  study  and  the  BLASER  Argon  study.  In  both  of  these  studies  the  CW  and  RP  exposures  are  made  at  MPE/10 
and  MPE/100.  Comparison  of  Figs  2  and  3  indicate  that  the  MAE  scores  for  the  argon  trials  were  approximately  2  X 
larger  than  were  those  made  with  the  HeNe  laser. 

Presentation  mode  was  found  to  be  significant  in  all  three  of  the  studies  where  the  RP  condition  '  was  presented.  While 
it  was  thought  that  the  strobing  of  the  RP  mode  might  prove  to  be  more  distracting  that  the  CW  mode,  this  was  not  the 
case.  Apparently  during  the  off  period  enough  of  the  scene  was  visible  to  assist  the  person  tracking  to  see  the  target,  even 
up  to  30  Hz.  In  Figs  3  and  four  where  the  two  argon  studies  are  presented  it  appears  that  the  average  power  of  the  laser 
rather  than  the  peak  power  is  important.  In  these  figs  when  the  lowest  average  power  for  the  CW  condition  is  compared 
with  the  highest  average  RP  power  which  are  relatively  close,  the  performance  scores  of  the  two  conditions  are  nearly 
alike.  This  suggest  that  the  average  power  of  the  exposure  rather  than  the  peak  power  is  most  important  at  sub-damage 
levels. 

Finally,  after  more  than  1500  exposures  a  visual  screen  given  to  the  volunteers  has  not  found  any  change  in  visual 
performance  following  exposure  to  laser  sources  up  to  40%  of  the  MPE.  With  some  of  the  volunteers  yearly  follow-up 
visual  screens  have  been  given  annually  for  up  to  14  years  and  no  changes  related  to  laser  exposme  has  been  found.  The 
results  offer  support  for  the  standards  presented  in  ANSI-Z-136. 1 . 
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Hazards  Assessments  from  Optical  Radiation 


Potential  ocular  hazards  from  solar  exposure  during  extravehicular  activity 

James  K.  Franks,  David  H.  Sliney,  and  Rodney  L.  Wood,  Jr* 

United  States  Army  Center  for  Health  Promotion  and  Preventive  Medicine 
5158  Blackhawk  Road,  APG,  MD  21010-5422 

ABSTRACT 

In  earth  orbit,  the  ambient  optical  radiation  environment  provided  by  the  sun  is  not  the  same  as  on  the  surface  of  the  earth. 
The  atmosphere  provides  a  protective  layer  that  is  not  present  in  space.  The  American  Conference  of  Governmental 
Industrial  Hygienists  (ACGIH)  has  published  guidelines  for  exposure  to  broad-band  optical  radiation.  These  guidelines  are 
called  Threshold  limit  values  (TLV™).  Potential  hazards  include  photochemical  and  thermal  effects  on  the  eye  and  skin. 
These  guidelines  are  intended  to  be  used  with  artificial  sources  such  as  arc  lamps,  however,  they  may  be  applied  to  solar 
exposure  during  extravehicular  activity  so  that  recommendations  may  be  made  to  limit  the  risk  of  astronauts  who  are 
spending  more  and  more  time  outside  the  Space  Shuttle.  Protective  filters  are  discussed  that  will  limit  exposure  to  optical 
radiation.  Permissible  exposure  times  are  calculated  based  on  the  ACGIH  TLVs.  Although  thermal  TLVs  may  be 
exceeded,  exposures  are  well  below  injury  thresholds. 

Key  Words:  astronaut,  solar  exposure,  extraterrestrial  solar  spectrum,  "blue-light" 

1.  PURPOSE 

The  purpose  of  this  study  was  to  evaluate  the  potential  increased  ocular  health  risk  due  to  removal  of  a  thermal  coating  from 
the  protective  visor  during  extravehicular  activity  (EVA),  and  to  make  suggestions  to  minimize  the  ocular  health  risk  to 
astronauts. 


2.  GENERAL 


2.1  Background 

Personnel  at  the  Lyndon  B.  Johnson  Space  Center  requested  that  the  U  S  Army  Center  for  Health  Promotion  and  Preventive 
Medicine  (USACHPPM)  provide  technical  assistance  in  the  evaluation  of  the  potential  for  increased  ocular  injury  risk  to 
astronauts  during  EVA.  Increased  ocular  risk  may  result  from  exposure  to  the  extraterrestrial  solar  spectrum  after  removal  of 
a  thermal  coating  on  the  protective  visor.  The  solar  spectrum  (Eet(A,))  must  pass  through  three  protective  layers.  These 
protective  layers  are  shown  in  Figure  1. 

2.2  Sample"Coupons" 

Samples  of  the  sun  visor  material  (sun  visor  1 12  and  sxm  visor  1 14)  were  provided  by  the  Goddard  Space  Flight  Center, 
Greenbelt,  Maryland.  Samples  of  the  thermally  coated  and  uncoated  protective  visor  (HC)  and  the  "bubble"  material  (N/HC) 
were  provided  by  the  Deposition  Research  Laboratory,  Inc,,  St.  Charles,  Missouri. 

2.3  Solar  Spectrum 

The  extraterrestrial  solar  spectrum^  used  in  this  study  is  the  American  Society  of  Testing  Materials  ASTM  E  490-73 
(Reapproved  1992),  "Standard  Solar  Constant  and  Air  Mass  Zero  Solar  Spectral  Irradiance  Tables."  The  spectrum  is  depicted 
graphically  in  Figure  2.  Only  values  of  spectral  irradiance  from  180  nm  to  3000  nm  were  used  in  this  analysis  since  common 
glass  or  plastic  materials  do  not  transmit  outside  this  wavelength  band. 

TLV™  is  a  registered  trademark  of  the  American  Conference  of  Governmental  Industrial  Hygienists,  Cincinnati,  OH.  Use  of  a 
trademarked  name  does  not  imply  endorsement  by  the  US  Army,  but  is  intended  only  to  assist  in  identification  of  a  specific  product 
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HC 

Sun  Visor  Protective  N/HC 

112  Visor  Bubble 


removable  fixed  fixed 

Figure  1.  Filter  Sequence  for  Extravehicular  Visor. 


Wavelength,  nm 


Figure  2.  Extraterrestrial  Solar  Spectrum. 
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2.4  Instrumentation 


Perkin  Elmer  Lambda  9  UVA^IS/NIR  Spectrophotometer  Serial  No.  1356 
2.5  Abbreviations 


A  table  of  radiometric  terms  and  units  is  provided  as  an  Appendix. 


3.  FINDINGS 


3.1  Coupon  Spectral  Transmission 

The  spectral  transmission  of  the  stack  of  components  that  make  up  the  Extravehicular  Visor  Assembly  (EVVA)  was 
determined  for  two  sets  of  components.  A  line  drawing  of  the  EVVA  is  shown  in  Figure  3.  Each  set  of  components  was 
identical  except  for  the  thermally  coated  protective  visor.  The  thermally  coated  protective  visor  is  the  current  configuration 
for  the  EVVA.  The  subject  of  this  study  was  to  determine  the  effect  of  removing  the  thermal  coating  on  the  spectral 
transmission  of  the  EVVA  and  then  analyze  the  results  using  the  ACGIH  TLV  criteria.  In  addition,  the  transmitted  spectral 
irradiance  of  the  individual  components  was  also  determined.  Graphs  of  the  transmitted  spectral  irradiance  are  given  in 
Figures  4-5. 
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Figure  4.  Transmitted  Spectral  Irradiance  Curve  of  Protective  Visor,  With  Hard 
Coating  (HC)  and  Helmet  Bubble  (N/HC)  Combination. 
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Figure  5.  Transmitted  Spectral  Irradiance  Curve  of  Sxm  Visor  (SN  1 12),  Protective 
Visor  With  Hard  Coating  (HC)  and  Helmet  Bubble  (N/HC)  Combination. 
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3.2.  Astronaut  Solar  Exposure  and  the  Threshold  Limit  Value  fTLV) 


Weighted  ocular  exposure  values  were  calculated  for  astronaut  exposure  through  the  nonthermally  coated  protective  visor 
both  with  and  without  the  sun  visor  in  position.  These  exposure  values  were  then  compared  to  those  values  in  the  ACGIH 
TLV\  and  a  maximum  permissible  exposure  time  was  determined.  The  results  of  this  analysis  are  given  in  the  Table. 

Table,  Permissible  Exposure  Times  for  EVVA  without  Thermal  Coat.  (In  the  calculated  exposure  column,  the  top  line  is 
without  a  sun  visor,  and  the  bottom  line  is  with  a  sun  visor.) 


Adverse  Effect 

Wavelength 

Range 

(nm) 

TLV 

Calculated  Exposure 

^max 

Photokerititis 

180-400 

3  mJ/cm^ 

3.9  X  10-^  WW 

1.6  X  10-*  W/cm" 

7.8x  lO's 

1.9  X  10^  s 

UVA  thermally  aided 
cataractogenisis 

315-400 

1  mW/cm^ 

0.43  mW/cm" 

0.035  mW/cm" 

>1000 s 
>1000  s 

“Blue-Light” 

photoretinitis 

400-700 

1 0  m  J/cm^ 

9.9  mW/cm" 

1.4  mW/cm' 

1  s 

7s 

Retinal  thermal  injury 

400-1400 

5/at'^"  W/cm^*sr 
(a  =  9.31  mrad) 

2.1  X  10^  W/cm^*sr 

320  W/cm^*sr 

4.5  ms 

8  s 

Thermal  Corneal 

Injury  and  possible 
cataractogenisis 

770-3000 

1.8  W/cm^ 

43.2  mW/cm^ 

3.8  mW/cm^ 

143.5  s 
>1000  s 

4.  DISCUSSION 


4.1  Retinal  Injury  Mechanisms 

There  are  two  predominant  retinal  injury  mechanisms:  thermal  and  photochemical.  Photochemical  injury  is  dominant  for 
exposures  longer  than  about  10  s  and  exhibits  no  retinal  image-size  dependence.  In  this  case,  blue- violet  wavelengths  are  the 
most  dangerous,  and  exposures  are  additive  over  at  least  24  hours.  Thermal  injury  is  dominant  for  exposures  less  than  10  s, 
and  heat  flow  away  from  the  retinal  image  causes  an  image-size  dependence. 

4.2  Retinal  Exposure 

Retinal  irradiance  (E^)  is  related  to  source  radiance  (L)  by  the  following  equation: 

=  0,21  LX  (1) 


The  pupillary  diameter  is  d^  and  x  is  the  spectral  absorption/transmission  factor  for  the  ocular  media.  The  x  for  the  solar 
spectrum  is  approximately  0.74.  For  any  retinal  exposure  (400  nm-1400  nm),  the  pupillary  diameter  is  critical  since  changing 
it  from  8  mm  [dark-adapted  and  2-3  mm  (daylight)]  results  in  a  reduction  of  16  in  retinal  exposure. 


134 


4.3.  Threshold  Limit  Values  (TLVs) 


The  TLVs  used  in  this  analysis  refer  to  values  for  ultraviolet,  visible  and  IRA  and  IRB  in  the  wavelength  range  of  180  nm  to 
3000  nm.  The  TLVs  represent  conditions  under  which  it  is  believed  that  all  workers  may  be  exposed  without  adverse  health 
effects.  The  values  are  based  upon  the  best  available  information  from  experimental  studies.  These  values  should  be  used 
only  as  guides  in  the  control  of  exposures  to  light  and  should  not  be  regarded  as  fine  lines  between  safe  and  dangerous 
levels.  The  TLVs  for  exposure  to  light  and  infrared  are  given  in  pages  104-107  of  the  1995-1996  TLV  book' .  The  ultraviolet 
limits  are  given  in  pages  1 19-122.  The  value  or  the  expression  used  to  calculate  the  TLV  for  the  different  wavelength  bands 
and  adverse  effects  is  given  in  the  Table,  The  linear  angular  subtense  of  the  solar  disc  (a)  at  the  earth  is  9.3 1  mrad.  This 
angle  is  the  ratio  between  the  solar  diameter  and  the  average  distance  between  the  earth  and  sun.  The  radiance  of  the  sun  is 
calculated  by  dividing  the  extraterrestrial  solar  irradiance  by  the  solid  angle  subtended  by  the  sun  at  the  earth.  The  linear 
angle  is  related  to  the  solid  angle  (Q)  for  circular  sources  by: 

Q  =  —  (2) 


The  solid  angle  subtended  by  the  sun  at  the  earth  is  therefore  6,8  x  10*^  sr.. 
4.4  Risks 


4.4.1  Retinal  Thermal  Injury. 

The  TLV  for  retinal  thermal  injury  is  exceeded  within  4.5  ms  for  viewing  without  the  sun  visor.  This  short  time  is  critical 
because  the  aversion  response  which  limits  retinal  exposure  to  bright  light  to  about  0.2  s  will  not  limit  the  exposure  to  a  value 
less  than  the  TLV.  However,  Mainster  and  White^  have  shown  that  the  sun  cannot  produce  a  thermal  injury,  because  the  2®  C 
temperature  rise  in  0.2  s  is  less  than  the  required  10°  temperature  change  for  denaturation  of  proteins.  The  0.2-s  limit  can  be 
calculated  from  the  expression  for  the  TLV  in  the  Table.  The  0.2-s  limit  is  803  W/cm^  sr  for  an  angular  subtense  of 
9.31  mrad.  The  exposure  exceeds  the  TLV  by  a  factor  of  2.6,  well  within  the  safety  margin  of  approximately  10  between  the 
TLV  and  the  onset  of  actual  physical  damage  to  the  retina.  The  retinal  thermal  exposure  exceeds  the  TLV  for  0.2  s,  but  the 
exposure  is  not  great  enough  to  cause  an  actual  injury.  Use  of  the  sun  visor  will  limit  0.2-s  exposures  to  less  than  the  TLV. 

4.4.2  Photochemical  Retinal  Injury 

The  TLV  for  photochemical  retinal  injury  is  exceeded  within  1  s  when  staring  at  the  sun  through  the  nonthermally  coated 
protective  visor,  and  permissible  exposure  time  increases  to  7  s  with  the  addition  of  the  sun  visor.  This  time  is  the  total 
permissible  exposure  time  in  8  hours.  Assuming  a  "blink  reflex"  of  0.2  s  results  in  5  "blinks"  (0.2  s  x  5  =  1  s)  before  the  TLV 
is  reached.  Viewing  through  the  sun  visor  would  permit  35  "blinks"  (0.2  s  x  35  =  7  s )  before  the  TLV  is  reached.  The 
photochemical  injury  threshold,  according  to  Ham^  is  an  effective  absorbed  retinal  radiant  exposure  of  20  J/cm^.  For  a  2-mm 
pupil,  the  injury  threshold  will  be  reached  in  14  s,  and  for  a  3-mm  pupil,  the  injury  threshold  will  be  reached  in  6.3  s.  Use  of 
the  sun  visor  would  increase  these  times  by  a  factor  of  7.  It  is  unlikely  that  each  exposure  would  be  at  the  same  location  on 
the  retina.  Other  short  wavelength  visible  sources  that  may  expose  the  astronaut  include  the  solar  reflection  from  the  payload 
bay  and  any  electron  beam  welding  done  in  space. 

4.4.3  Thermal  Iniurv  to  Cornea  and  Lens 

The  TLV  for  exposure  of  the  cornea  and  lens  to  near  and  mid-infrared  radiation  (770  nm-3000  nm)  is  given  in  the  Table. 

The  astronaut  exposure  is  43.2  mW/cm^  without  the  sun  visor  and  3.8  mW/cm^  through  the  sun  visor.  Because  of  the  blink 
reflex,  it  is  highly  unlikely  that  the  astronaut  would  be  exposed  to  an  average  level  greater  than  10  mW/cm^  even  if  exposed 
occasionally  to  the  43.2-mW/cm^  level. 
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5.  CONCLUSIONS 


Removing  the  thermal  coating  from  the  protective  visor  produces  only  a  very  minor  change  in  retinal  exposure;  however, 
exposure  to  the  extraterrestrial  solar  irradiance  exceeds  TLVs  under  certain  conditions.  It  is  unlikely  that  actual  injury 
thresholds  would  be  exceeded  because  the  eye  limits  exposure  times  to  about  0.2  s  for  bright  lights.  More  important  is  the 
impact  of  future  more  numerous  and  longer  duration  EVA  missions,  since  the  risk  of  photochemical  injury  to  the  retina  is 
dependent  upon  the  total  number  of  momentary  exposures.  Therefore,  it  would  seem  appropriate  that  the  sun  visor  always 
be  used  during  EVA  to  reduce  the  risk  of  retinal  injury  from  photochemical  or  thermal  effects.  It  would  also  be  appropriate 
to  consider  adding  additional  "blue-light"  protection  to  the  protective  visor  or  via  other  means,  i.e.,  "blue-blocker"  sunglass, 
etc.  The  level  of  additional  attenuation  should  consider  the  length  of  EVA  and  what  additional  sources  of  "blue  light"  are 
exposing  the  astronaut.  Reducing  the  transmission  in  the  blue  end  of  the  visible  by  an  additional  7  to  10  percent  will  reduce 
blue-light  exposure  to  approximately  that  level  on  the  surface  of  the  earth.  This  should  substantially  reduce  the  risk  of 
photochemical  injury  to  the  retina. 


*The  views  expressed  are  the  personal  views  of  the  authors  and  do  not  represent  an  official  view  of  the  Department  of  the 
Army  or  the  Department  of  Defense. 
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Appendix 

Useful  CIE  Radiometric  Units^’^ 


Term 

Symbol 

Defining  equation 

SI  Unit  and 
abbreviation 

Radiant  Energy 

Qe 

II 

Joule  (J) 

Radiant  Energy 
Density 

We 

w  = — ^ 

"  dV 

Joule  per  cubic 
meter  (J*m'^) 

Radiant  Flux 
(Radiant  Power) 

4>e,P 

$  = - 1 

"  dt 

Watt  (W) 

Radiant  Exitance 

Me 

d(b 

M  = — ^ 

"  dA 

-  Jl^cosO-dQ 

Watt  per  square 
meter  (W-m‘^) 

Irradiance  or  Radiant 
Flux  Density  (Dose 
Rate  in  Photobiology) 

Ee 

d^ 

E  = - ^ 

"  dA 

Watt  per  square 
meter  (W*m'^) 

Radiant  Intensity 

1= 

I  = — ^ 

‘  dO. 

Watt  per  steradian 
(W-sr') 

Radiance^ 

■ 

Watt  per  steradian 
per  square  meter 
(W-sr'-m-^) 

Radiant  Exposure 
(Dose  in 
Photobiology) 

He 

^Qe  r 

H  = — ^  -(e  dt 
"  dA  J  " 

Joule  per  square 
meter  (J-m‘^) 

Radiant  Efficiency"^ 

(of  a  source) 

He 

unitless 

Optical  Density^ 

De 

=-l°g,oW 

unitless 

1.  The  units  may  be  altered  to  refer  to  narrow  spectral  bands  in  which  the  term  is  preceded  by  the  word  spectral  and  the 
unit  is  then  per  wavelength  interval  and  the  symbol  has  a  subscript  X.  For  example,  spectral  irradiance  E;^  has  units  of 
W-m'“‘m'^  or  more  often,  W*cm‘^*nm  ^ 

2.  While  the  meter  is  the  preferred  unit  of  length,  the  centimeter  is  still  the  most  commonly  used  unit  of  length  for  many 
of  the  above  terms 

and  the  nm  or  pm  are  most  commonly  used  to  express  wavelength. 

3.  At  the  source  l  = — and  at  a  receptor  l  =  , . 

dA  ■  cos6  dQ  *  cos0 

4.  P;  is  electrical  input  power  in  Watts. 

5.  T  is  the  transmission. 
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LASER  SAFETY:  THE  INFLUENCE  OF  ATMOSPHERIC 
SCINTILLATIONS  ON  THE  OCULAR  HAZARD  DISTANCE 


Amir  Langus  and  Moshe  Tur 

Tel- Aviv  University,  Faculty  of  Engineering  Department  of  Engineering 
Tel- Aviv,  Israel  69978 


ABSTRACT 

In  the  presence  of  atmospheric  turbulence  the  nominal  ocular  hazard  distance  may  no  longer  be  a  safe  range  for  laser  inter¬ 
beam  viewing.  Knowledge  of  the  probability  density  function  and  standard  deviation  of  the  scintillations  is  essential  for 
proper  estimation  of  laser  hazard  level.  Here  we  examine  the  probability  of  the  minimum  visible  retinal  lesion  as  a  function 
of  different  forms  of  the  scintillations  distribution  and  standard  deviation. 


Keywords:  laser  safety,  atmospheric  turbulence,  retinal  lesion,  nominal  ocular  hazard  distance 

1.INTRODUCTION 

The  existence  of  laser  eye  injuries  depends  strongly  on  the  amount  of  the  energy  that  enters  into  the  eye  and  focuses  into  the 
funds.  Laser  safety  regulations  are  designed  to  prevent  laser  injuries.  By  obeying  those  regulations,  one  can  be  sure  that  even 
in  an  inter-beam  viewing  case,  the  inter-ocular  energy  (lOE)  will  be  far  below  the  energy  levels  that  might  produce  retinal 
injuries.  Laser  safety  standards  define  the  Maximrim  Permissible  Exposure  (MPE).  It  is  well  accepted  that  if  one  is  exposed 
to  radiant  levels  lower  than  the  MPE,  eye  injuries  will  not  occur.  Another  aspect  of  the  safety  standards  is  the  Nominal 
Ocular  Hazard  Distance  (NOHD).  The  NOHD  is  determined  by  considering  the  laser  total  radiant  energy  output,  the  beam 
divergence  together  with  the  MPE.  The  consequences  is  that  if  one  is  located  farther  than  the  NOHD,  he  will  be  exposed  to 
radiance  levels  that  are  smaller  than  the  MPE. 

This  description  of  the  determination  and  the  implication  of  the  NOHD  is  correct  as  long  as  the  beam  propagates  in  a 
homogenous  medixim  that  does  not  interact  with  the  beam.  However,  when  considering  outdoor  situations,  the  laser  beam  is 
likely  to  propagate  through  the  turbulent  atmosphere  that  causes  significant  fluctuations  of  the  beam  intensity  around  its 
mean.  These  so-called  scintillations  may  momentarily  result  in  exposure  levels  that  greatly  exceed  the  MPE  even  when  the 
average  beam  exposure  is  much  smaller  than  the  MPE. 

Although  the  scintillation  phenomena  is  well  known  and  explored  for  at  least  40  years,  laser  safety  standards  do  not 
specifically  consider  them.  The  only  reference  to  scintillations  made  by  the  American  National  Standards  Institute  for  Safe 
Use  of  Lasers  is  in  the  description  of  the  laser  range  equation,  where  it  is  emphasized  that  the  equation  is  valid  in  a  non- 
turbulent  medium. 

Because  the  NOHD  is  nominal  and  extra  safety  measures  are  allowed,  it  is  a  common  practice  to  reduce  the  standard  MPE 
by  a  factor  of  10  and  consequently  to  increase  the  NOHD  by  a  factor  of  3.3.  This  practice  is  not  based  on  a  study  and  shoxild 
be  considered  as  such. 
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There  has  been  some  previous  studies  on  the  subject  of  laser  safety  and  turbulent  scintillations.  Deitz^  calculated  the 
probabilities  that  a  radiant  exposure  will  exceed  a  certain  energy  density  threshold,  which  he  considered  as  the  energy 
density  for  a  threshold  damage  to  the  eye.  Deitz  neglected  that  damage  to  the  eye  cannot  be  described  as  a  deterministic 
process  of  exceeding  a  certain  threshold.  Hermann^  did  a  similar  analysis  calculating  the  probabilities  that  a  radiant 
exposure  will  exceed  a  safety  energy  density  threshold,  which  equals  the  maximum  permitted  irradiance.  He  also  omitted 
the  stochastic  phenomena  of  laser  tissue  interaction.  Both  Deitz  and  Hermann  assumed  the  scintillation  intensity  statistics  to 
obey  log-normal  statistics.  A  semi  experimental  work  was  done  by  Hill  and  Sliney^,  in  which  they  estimated  the  increase  of 
the  retinal  thermal  bum  probability  due  to  the  accumulated  effects  of  the  intensity  scintillations  for  a  pupil  sized  aperture. 
Smerdon"^  and  Smith^  suggested  the  idea  of  a  probabilistic  approach  to  laser  safety.  Under  this  idea  one  should  consider  both 
the  scintillations  and  laser  tissue  interaction  statistics,  among  other  stochastic  elements.  However,  none  of  these  studies 
suggested  how  to  modify  the  NOHD  to  compensate  for  the  scintillation  and  to  reduce  laser  hazard  back  to  the  risk  levels 
obtained  at  the  NOHD  without  scintillations. 

Recently,  we  have  undertaken  a  thorough  study  having  the  following  objectives:  estimating  the  increase  in  laser  hazard  from 
a  single  Q-switch  pulse  in  the  retinal  hazard  region,  due  to  the  turbulent  scintillation;  suggesting  an  appropriate  correction 
for  reducing  laser  hazard  back  to  the  risk  levels  obtained  at  the  NOHD  without  scintillations.  All  this  is  done  by  considering 
the  atmospheric  turbulence  and  laser  tissue  interaction  phenomena.  We  considered  the  random  properties  of  laser  tissue 
interaction;  the  form  of  the  probability  function,  the  mean  and  variance  of  the  lOE,  including  beam  broadening  and  beam 
wandering,  and  the  pupil  aperture  averaging  effect. 

In  this  article  we  examine  the  probability  of  the  minimum  visible  retinal  lesion  as  a  function  of  different  forms  of  the 
scintillations  distribution  and  standard  deviation. 


2.THE  MODEL 


2. 1. Deter  mining  a  hazard  parameter 

To  be  able  to  express  and  compare  the  amount  of  laser  ocular  hazard  with  and  without  turbulent  scintillations  a  calculable 
hazard  parameter  should  be  defined.  We  chose  to  express  this  parameter  as  the  retinal  Minimum  Visible  Lesion  (MVL) 
probability. 

There  are  several  approaches  to  the  MVL.  Some^’^  refer  to  it  as  the  Minimum  Ophthalmoscopically  Visible  Lesion  that  they 
describe  as  a  relatively  small  ocular  damage,  though  still  easily  detectable.  Its  consequences  are  roughly  low  vision  loss,  but 
yet  might  be  rather  significant  especially  if  located  in  the  fovea.  Others^  describe  it  from  an  experimental  point  of  view 
simply  as  an  injury.  In  those  experiments  they  ophthalmoscopically  examined  an  exposed  retinal  location  for  the  presence  or 
absence  of  a  visible  alteration.  Since  those  injuries  were  on  the  boundary  of  being  visually  detected,  they  may  be  considered 
as  minimum  lesions. 

It  is  worth  pointing  out  that  the  MVL  parameters  are  very  well  measured  and  can  be  reliably  used  for  the  calculation  of  the 
hazard  parameter. 


2. 2.  Calculating  the  MVL  probabilities 


The  MVL  probabilities  can  be  calculated^’^  by  using  the  Probit  method  which  was  used  to  analyze  the  ocular  biological 
effects  experiments 


W(lOE)  =  ^  +  ^erf| 


In(lOE)  -  ln(ED5oy 


V 


V2  In(slope) 


(1) 


where: 

Pmvl*  MVL  probability. 

lOE:  the  inter-ocular  energy  calculated  as  the  product  of  the  pupil  area  [cm^]  with  the  energy  density  on  the  pupil 
[joules/cm^]. 
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EDx:  the  lOE  [joules]  having  x  %  probability  of  causing  MVL. 

Slope:  defined  as  EDg4/ED5o,  and  erf(x)  is  the  error  function. 

The  statistical  Probit  technique  deals  with  stochastic  phenomena  that  involve  a  continuous  independent  (explaining) 
parameter  and  a  discrete  dependent  (result,  explained)  parameter.  It  is  assumed  that  a  specific  outcome  is  the  result  of  a 
situation  in  which  the  independent  explaining  parameter  exceeds  a  randomly  distributed  threshold.  When  the  Probit 
technique  is  used  in  ocular  laser-tissue  interactions  it  is  assumed  that  each  retinal  location  in  each  specimen  has  some  kind  of 
energy  threshold.  If  the  energy  that  is  focused  on  a  certain  retinal  location  is  larger  than  this  energy  threshold,  a  lesion  will 
be  found  at  that  location.  Otherwise,  no  lesion  will  occur.  Equation  (1)  calculates  the  fraction  of  retinal  locations  whose 
thresholds  are  smaller  than  the  lOE.  The  ED50  and  slope  parameters,  together  with  the  error  function  and  the  natural 
logarithm  indicate  that  the  retinal  locations  thresholds  obey  a  log-normal  distribution,  with  the  ED50  to  represent  these 
thresholds  median,  and  the  slope  to  represent  their  standard  deviation. 

The  relatively  narrow  ED50  confidence  limits  that  were  experimentally  measured^  indicate  that  the  Probit  technique  with  its 
implications  is  quite  reliable,  at  least  for  the  inter  ocular  energies  that  were  used  in  those  experiments. 

Having  the  appropriate  ED50  and  slope  one  can  predict  the  MVL  probability,  hence  the  hazard  parameter  for  any  lOE. 

2. 3.  Calculating  MVL  probability  for  random  lOE 

To  evaluate  the  MVL  probability  from  laser  beam  irradiance  after  propagating  through  the  turbulent  atmosphere  the 
fluctuations  of  the  beam  intensity  should  be  considered.  This  can  be  done  by  summing  the  MVL  probabilities  from  a 
specific  fluctuation  over  all  the  possible  fluctuation  values  together  with  their  weighting  factor 

The  mathematical  expression  of  this  summation  is  given  in  equation  (2). 

00 

Pd=  fps,a)*PMVL((lOE)*x)d?.  (2) 

0 


vfrere: 

Pd:  the  actual  MVL  probability  under  random  lOE  conditions. 

<IOE>:  the  average  lOE  being  equal  to  the  lOE  if  there  were  no  scintillations. 

X:  the  scintillation  level  that  is  the  specific  momenta^  lOE  divided  by  the  average  lOE.  Using  equation  (1),  with  the 
product  of  <IOE>  and  X  instead  of  a  deterministic  lOE  (without  scintillations)  returns  the  MVL  probability  from  a  specific 
scintillation  level. 

Psc(^)d^:  the  weighting  factor,  known  as  the  Probability  Density  Function  (PDF),  for  the  specific  normalized  momentary 
lOE  i.e.,  the  probability  that  the  scintillation  level/IOE  lies  in  an  infinitesimally  small  interval  (X ,  X-^dX). 

2. 4.  Parameters  and  sub  models  to  be  defined 

From  an  overall  point  of  view,  when  discussing  the  NOHD  under  turbulent  conditions,  one  should  deal  with  the  following 
parameters  and  sub  models.  The  first  is  the  average  lOE  that  depends  on  laser  power,  distance,  beam  divergence, 
atmospheric  attenuation  and  turbulence-induced  beam  broadening.  The  second  is  the  ED50  and  the  slope  that  have  a  strong 
wavelength  dependence.  The  third  is  the  scintillation  PDF  form  and  standard  deviation  (including  the  beam  wandering 
phenomena)  as  a  function  of  turbulence  parameters,  distance,  wavelength  and  the  pupil  averaging  effect.  The  turbulence 
parameters  themselves,  i.e.,  the  index  of  refraction  structure  constant  and  the  inner  scale  size  of  turbulent  eddies  should  also 
be  considered. 

All  these  models  and  parameters  are  needed  to  calculate  the  MVL  probability  dependence  on  distance,  for  comparing  of  the 
MVL  probabilities  at  the  NOHD  and  for  proposing  an  appropriate  compensation  factor. 

As  mentioned  above,  presently  we  shall  discuss  the  PDF  form  and  the  standard  deviation  value  of  the  lOE. 
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It  is  well  accepted  that  under  weak  turbulence  conditions,  where  the  propagation  distance  is  short  or  the  index  of  refraction 
structure  constant,  is  smalf,  the  scintillations  are  weak  and  obey  the  log-normal  statistics.  The  scintillations  log-normal 
PDF  is  supported  by  the  weak  turbulent  theory  and  has  been  measured  experimentally  However,  when  the 
propagation  distance  or  the  are  not  small,  the  scintillations  become  stronger  and  the  weak  turbulence  theory  does  not 
hold. 

There  h?  been  many  suggestions  for  the  PDF  forms  for  strong  scintillations.  PDFs  such  as  Rayleigh,  Rice-Nakagami, 
Exponential,  Hoyt,  m,  n,  K,  as  well  as  log-normal  and  modulations  of  one  PDF  by  another  were  considered  As  of 

now  there  is  no  certain  knowledge  on  the  scintillation  PDF  form. 

A  similar  uncertainty  exists  regarding  the  range-dependence  of  the  standard  deviation  of  the  scintillations.  For  the  weak 
turbulence,  when  the  scintillations  obey  the  log-normal  statistics,  the  Scintillations  Standard  Deviation  (SSD)  can  be 
calculated  with  the  Rytov  approximation.  Equations  based  upon  the  Rytov  approximation  predict  that  the  SSD  increases 
without  limit  as  the  path  length  and/or  increase.  In  the  real  world,  however,  the  SSD  does  not  increase  without  a  limit. 
With  increasing  path  length  or  the  SSD  reaches  a  peak  value  and  then  appears  to  slowly  decrease  towards  the  value  of  1 . 
The  peak  in  the  SSD  value  is  the  most  critical  value  from  laser  safety  considerations.  To  demonstrate  this  problem  we 
consider  an  inter-beam  viewing  case  at  the  NOHD  and  a  specific  that  causes  the  SSD  to  reach  the  maximum  value.  For 
an  inter-beam  viewing  case  at  the  NOHD,  the  average  lOE  is  much  smaller  than  the  lOE  levels  that  might  produce  an  MVL. 
The  large  SSD  causes  a  large  probability  of  having  a  momentary  huge  scintillation  level.  This,  in  turn,  causes  a  large 
probability  of  having  a  momentary  lOE  that  might  produce  an  MVL.  Hence  the  MVL  probability  increases  together  with 
the  SSD  value. 

2.  5.  Sensitivity  tests  for  the  lOE  PDF  and  standard  deviation  value 

The  basic  idea  of  the  sensitivity  test  is  to  execute  a  complete  analysis  for  each  of  the  relevant  alternatives,  and  then  to 
compare  the  results.  If,  fortunately,  all  the  final  results  are  close  enough,  then  the  analysis  is  not  sensitive  to  a  specific 
selection  among  the  relevant  alternatives.  We  can  select  any  one  of  them  (the  easiest  to  calculate). 

In  view  of  the  laser  hazard  problem  together  with  all  the  above-mentioned  uncertainties,  sensitivity  tests  should  be 
performed  using  equation  (2)  for  the  MVL  probability.  This  is  done  by  substituting  the  PDF,  Psc(^)j  with  all  relevant  PDF 
forms  and  then  using  equation  (2)  with  all  SSD’s  values,  in  the  domain  where  the  weak  turbulence  theory  does  not  hold. 
Note  that  most  of  the  attention  should  be  focused  on  SSD  values  equal  to  or  larger  than  1 .  If  the  NOHD  is  large  enough  one 
can  expect  the  SSD  value  to  be  equal  to  1.  Otherwise  one  should  focus  on  the  SSD  peak  value.  In  weak  turbulence 
situations,  there  is  no  uncertainty  and  the  small  scintillations  levels  are  significantly  less  hazardous. 


*  Actually  meaning  a  situation  where  the  variability  in  the  atmospheric  optical  refraction  index  is  low. 
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3.  NUMERICAL  RESULTS 

The  results  to  be  presented  in  this  section  were  evaluated  using  equation  (3)  as  a  function  of  the  lOE  that  were  normalized  to 
the  ED50  and  as  a  function  of  the  SSD. 


Pd(p,a,)  =  |pse(^.c^x)‘}l  +  erf[-||^JId^ 


where: 


P=  <IOE>/  ED50  (i.e.,  the  mean  lOE  divided  by  the  ED50)  is  the  first  influencing  parameter.  This  parameter  was  chosen  to 
be  a  causal  (explaining)  variable  in  order  to  bypass  geometrical  considerations  (distance,  beam  divergence). 

the  SSD.  X  and  are  as  described  in  sec.  2.3,  and  the  slope  was  set  to  1 .5  (a  representative  slope  value  ^). 

Results  from  the  sensitivity  tests  on  the  PDF  form  are  presented  in  Figure  1  for  a  unity  standard  deviation.  The  comparison 
was  done  among  the  log-normal  PDF 
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the  exponential  PDF 


Ps,(;^)  =  exp(-  X) 


that  is  valid  only  for  and  the  log-normal  modulated  exponential  PDF 
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MVL  probabilities  for  the  no  turbulence  case,  i.e.,  deterministic  lOE  were  calculated  using  Eq.  (4),  are  also  plotted  for 
reference. 


Pd(P)-2  ‘■'H>/21n(slope) 
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lognormal 

exponential 

^  log  normal  modulated  exponential 

Figure  1-  Sensitivity  test  to  the  form  of  the  PDF  (SSD=1) 


In  Figure  2  we  compare  the  log-normal  PDF  with  the  K-distribution  PDF  for  a  standard  deviation  value  of  1 .5. 


<IOE>/ED50 

^  deterministic 
lognormal 

-X-  K 

Figure  2-  Sensitivity  test  to  the  PDF  form  (SSD=1.5) 
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From  Figure  1  and  Figure  2  it  is  evident  that  Pd  can  reach  very  high  and  unacceptable  values  for  P=0. 1 .  Also  note  that  'while 
all  calculated  MVL  probabilities  are  quite  close  to  one  another  the  log-normal  one  is  definitely  the  worst  one^  as  far  as  laser 
safety  is  concerned.  We  therefore  adopt  the  log-normal  distribution  since  it  is  the  most  appropriate  distribution  for  both 
weak  and  strong  turbulence. 

In  Figure  3  -  sensitivity  test  to  the  SSD  value  (logarithmic  scale)  and  Figure  4  (linear  scale)  we  present  the  sensitivity  test 
for  the  SSD  values,  using  the  log-normal  PDF.  Each  figure  contains  7  curves,  a  different  curve  for  each  SSD  value.  The 
lowest  curve  (marked  with  an  “x”)  is  for  SSD  equal  to  0,  i.e.,  the  deterministic  case  'with  no  scintillations.  The  next  higher 
curves  is  for  SSD  equal  to  0.5,  the  next  one  is  for  SSD  eqxial  to  1,  etc.,  each  one  of  the  curves  was  calculated  with  SSD  value 
that  is  0.5  greater  than  the  one  below  it  (the  curve  marked  with  a  box  is  for  SSD  =  1,  the  SSD  value  for  very  large  path 
length). 


Figure  3  -  sensitivity  test  to  the  SSD  value  Figure  4  -  sensitivity  test  to  the  SSD  value 

It  is  immediately  apparent  that  there  is  a  saturation  in  the  MVL  probability,  as  the  SSD  becomes  larger.  MVL  probabilities 
for  SSD  values  that  are  greater  than  1.5  become  very  close  together;  thus  MVL  probabilities  for  SSD  values  larger  than  1.5 
can  be  reliably  calculated  with  an  SSD  value  of  1 .5. 

This  result  simplifies  the  range  of  the  uncertainty  of  the  SSD  value.  The  insensiti'vity  of  MVL  probabilities  for  an  SSD 
greater  than  1 .5  almost  cancels  the  problem  about  the  lack  of  a  model  for  the  peak  in  the  SSD  value.  It  can  be  shown  that  the 
Rytov  approximation  is  valid  for  the  calculation  of  the  SSD  up  to  the  value  of  1 .2.  From  this  point  on,  we  can  manipulate  the 
SSD  value,  for  example,  setting  the  SSD  value  to  1.5  or  to  1.2,  fi-om  the  point  where  the  SSD  equals  to  1.2.  This  will  result 
in  a  relatively  small  error  in  the  MVL  probability.  The  error  is  smaller  than  a  half  order  of  magnitude,  which  is  almost 
negligible  regarding  the  increase  of  about  5  orders  of  magnitude  in  the  MVL  probability,  due  to  the  scintillations 
phenomena. 
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4.  DISCUSSION 


Here  we  propose  an  explanation  to  the  saturation  in  the  MVL  probability  for  large  SSD  values.  This  explanation  is  related  to 
the  shape  transformation  of  the  log-normal  PDF  dependence  on  its  SSD  value.  In  Figure  5  we  have  plotted  the  log-normal 
PDF  for  several  SSD  values,  as  described  at  the  legend. 


—  SSD  =  0.5 
SSD=1 
SSD  =  2 
SSD  =  3 

Figure  5  -  The  dependence  of  the  log-normal  PDF  form  on  the  SSD 


It  seems  that  the  log-normal  PDF  tends  to  converge  to  a  unique  shape  as  the  SSD  value  becomes  large.  Hence,  for  large 
SSD,  a  log-normal  PDF  with  a  specific  SSD  can  be  replaced  with  one  that  have  another,  yet  large,  SSD.  This,  in  turn,  causes 
the  MVL  probability  to  be  insensitive  to  changes  in  SSD  values  that  are  larger  than  1.5. 


5.  CONCLUSIONS 

We  conclude  as  follows:  If  the  lOE  is  1/10^  of  the  ED^q,  when  the  eye  is  exposed  to  the  MPE,  then  atmospheric  turbulence 
causes  the  MVL  probabilities,  at  the  NOHD,  to  increase  from  a  rather  acceptable  low  value  of  10'^  (without  turbulence)  to 
the  unacceptable  unsafe  value  of  about  10"^  (Figs.  1-2). 

The  log-normal  PDF  is  the  most  appropriate  distribution  to  represent  the  lOE  scintillations  for  all  the  SSD  values.  The  log¬ 
normal  PDF  is  the  true  one  for  weak  turbulence  and  presents  an  upper  bound  to  all  other  tested  PDFs. 

Since  the  MVL  probabilities  appear  to  converge  as  the  SSD  increases,  accuracy  in  the  SSD  value  is  not  needed,  as  long  as 
the  SSD  value  becomes  larger  than  approximately  1.5.  Thus,  the  SSD  expression  can  follow  the  Rytov  approximation  for 
weak  and  moderate  turbulence  up  to  a  value  of  1.5,  and  then  decreases  slowly  to  the  value  of  1  for  very  strong  turbulence. 
This  procedure  will  result  in  a  relatively  small  MVL  probability  error. 

In  order  to  propose  a  correction  to  the  NOHD  which  includes  scintillation  phenomena,  one  should  calculate  the  MVL 
probabilities  as  a  function  of  the  distance  between  the  laser  and  an  eye  looking  into  the  laser,  taking  into  account  turbulence- 
induced  beam  broadening,  the  averaging  effect  of  the  eye  pupil,  as  well  as  other  relevant  biological  parameters. 
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ABSTRACT 

Radiant  exposure  of  an  Er-glass  laser(^=1540  nm)  producing  50  percent  probabihty(ED50)  of  a  minimum 
erythema  on  porcine  skin  was  measured  in  vivo  for  laser  pulses  100  ns  and  2.5  ms  pulse  duration.  ED50  at  24  hours 
post-exposure  was  found  3.5  J/cm^  for  short  laser  pulses  and  6.5  J/cm^  for  long  ones.  The  single  pulse  dose  in  a 
chain  of  repetitive  pulses  producing  minimum  erythema  were  determined  for  2"(n=i-6)  pulses.  The  minimum 
reaction  of  skin  on  lasor  irradiance  were  studied  for  different  beam  diameter(2-10  mm).  The  reaction  of  skin  is 
mostly  considered  as  local  super  heating.  The  data  obtained  in  the  study  are  adequate  to  update  safety  standards 
for  cutaneous  injury. 

Keewords:  laser  safety,  skin,  Er-glass  lasar 


1.  INTRODUCTION 

Eye-safe  laser  systems  based  on  Er  glass  lasers(>.=1540  nm)  have  various  applications  in  pilot  training 
facilities.  In  the  previous  safety  standard  (ANSI  Z136. 1-1986),  Table  7(Skin  Exposure  Limits)  had  an  exception  for 
1540  nm  radiation,  permitting  1  J/cm^  for  microsecond  to  nanosecond  pulses.  This  exception  was  made,  in  part, 
because  of  high  damage  threshold  that  was  found  by  researchers  studying  ocular  damage^  ^  jjj  the  revised 
Standard  (ANSI  Z136. 1-1993),  Table  7  (on  Skin)  removed  the  exception  for  1540  inn  for  skin  exposure,  making  it 
0.01  J/cm^  .  It  means  that  lasers  that  are  eye-safe  may  now  be  skin-hazardous.  This  great  change  of  the  Standard 
has  been  done  without  substantial  experimental  data  on  interaction  of  1540  nm  laser  radiation  with  human  skin. 

The  research  reported  was  undertaken  to  receive  experimental  data  on  minimal  reaction(mild  erythema) 
of  skin  to  1540  nm  laser  radiation  with  diffa-ent  pulse  duration,  number  of  repetitive  exposures  and  cross  section  of 
laser  spot. 


2.  METHODS 

In  experiments  we  used  1540  nm  Erbium-glass  laser  radiation  produced  by  an  original  home-built  laser 
system  operating  both  in  free-running  and  Q-switched  regimes.  The  basic  optical  setup  is  described  in  detail  in  our 
paper^ .  The  beam  shape  on  the  object  plane  was  round  with  diameter  2-10  ram  for  free  running  and  2-4.5  mm  for 
Q-switched  modes. 

In  experiments  we  used  white  domestic  pigs  free  of  visible  pigmentation.  Pigs  were  selected  because  of 
histological  resemblance  of  their  sJdn  to  that  of  man.  The  pigs  were  1.2-2  months  old  and  weighted  8-16  kg. 

One  day  before  the  experiment  the  bristle  on  the  animal's  back  and  sides  was  removed  with  hand  chppers 
and  then  shaved.  No  visible  skin  reaction(reddening,  cuts,  etc.)  was  observed  on  the  skin  at  the  time  of  expmmatits 
because  of  hair  removing.  The  depilated  area  was  divided  into  a  grid  of  squares  about  15x15  mm  in  size.  A  side  of 
the  animal  could  have  up  to  90  cells.  During  experiments  we  did  not  used  any  anesthetic  agents,  since  we  assumed 
possible  influence  of  anesthesia  to  the  skin  reaction. 

This  study  had  several  tasks.  It  was  determination  of  lesion  threshold  on  the  animal  skin  made  during 
single  pulse  exposures;  determination  of  dependence  of  minimal  lesion  dose  upon  a  number  of  pulses  in  multipulse 
exposure  and  determination  the  dependence  of  minimal  lesion  dose  upon  laser  beam  cross  section.  All  experimental 
tasks  included  both  free  running  and  Q-switched  mode. 


148 


SPlEVol.  2974  •  0277-786X/97/$10.00 


The  experimental  set  was  started  up  with  preliminary  estimation  of  the  ranges  and  values  of  dose  which 
produce  visible  lesions.  We  started  with  maximum  energy  fluence  determined  by  laser  output  parameters  and  then 
decreased  the  dose  by  step  of  0:5-1  J/cra^ .  Five  cells  on  the  animals  were  exposed  by  the  pulses  with  the  same  dose. 

The  skin  reaction  data  was  obtained  by  visual  examination  the  areas  exposed  at  several  minutes,  one-hour 
and  at  24  hours  post  exposure.  In  general,  the  one-minute  reaction  at  a  given  radiant  exposure  level  served  as  a 
guide  in  determining  whether  increased  radiant  exposure  levels  should  be  given.  In  general,  a  very  mild 
erythematous  reaction  at  one-minutes  will  probably  fade  at  one-hour,  l  ids  level  would  represent  the  lowest  level  to 
be  used.  A  definite  well  demarcated  erythematous  reaction  on  the  skin  at  one-minutes  wiU  probably  be  present  at 
one-hour  examination. 

At  one-hour,  each  area  exposed  was  again  visually  controlled  and  photographed.  The  number  of 
’’reactions"  (this  could  be  erythema,  papules,  blanching,  etc.)  were  determined  at  each  exposure  level.  The  bums 
were  categorized  independently  by  two  investigators.  A  similar  examination  and  photographs  were  done  at  24 
hours  post -exposure.  Experimental  data  were  processed  by  the  probit  method  of  Litchfield  and  Wilcoxon"^.  This 
data,  expressed  as  a  percentage  of  the  reactions  observed  at  each  exposure  level,  was  plotted  on  probability  scale 
and  the  radiant  exposure  at  the  50  percent  probability  level  was  taken  as  the  ED50  level. 

In  the  subsequent  experimental  sets  probability  of  specific  skin  response  in  the  range  of  transient  reaction 
was  determined  more  accurately.  To  do  this  we  exposed  up  to  ten  cells  with  the  same  fluence  close  to  threshold 
range  in  order  to  have  more  accurate  statistical  data.  To  obtain  truly  data  and  estimate  deviation  of  individual 
reaction  we  conducted  experimental  set  on  three  animals  and  then  the  results  were  averaged. 

3.  RESULTS 

3. 1  Damage  threshold  on  pig’s  skin  for  single  laser  pulse. 

The  statistically  processed  data  for  minimal  erythema  at  1  hour  post -exposure  are  plotted  at  the  Fig  1. 
ED50  at  1  hour  post  exposure  for  2.5  ms  free  running  laser  pulses  was  found  to  be  5.7±1.2  J/cm^.  282  bums  were 
processed.  ED50  at  24  hour  post  exposure  6.5  J/cm^ 

ED50  at  1  hour  post  exposme  for  100  ns  Q-switched  laser  pulses  was  found  to  be  3.0±1,1  J/cm^.  266  bums 
was  processed.  ED50  at  24  hour  post  exposure  3.5  J/cm^  . 

The  deviation  of  individual  sensitivity  of  animals  and  skin  at  different  places  (back,  belly)  in  the  both  sets 
was  within  15  %  of  obtained  data.  The  same  divergence  was  also  found  in  the  other  sets  of  experiments  as 
multipulse  action  and  dependence  on  laser  spot  cross  section. 

The  slope  on  probability  plot(Fig.l)  (slope=  ED  84/ED  50=ED  50/ED  16)^  is  1.5  for  free  running  and  1.3  for 
Q-  switch.  The  relatively  high  value  of  the  slopes  are  indicative  of  small  increase  in  dose  required  for  the  response  to 
vary  from  no  observed  effect  to  the  high  probabihty  of  observing  a  response.  This  may  be  considered  as  a  reason 
for  assuming  threshold  character  of  skin  reaction  to  that  laser  wavelength. 

3.2  Skin  damage  resulting  from  exposure  to  multiple  pulses. 

The  task  was  to  determine  dependence  of  ED50  of  minimal  erythema  upon  number  of  repetitive  pulses. 

The  starting  radiant  exposure  for  single  pulse  was  ED60-80(Fig.l)  then  it  was  decreased  by  0.5  J/cm^  until 
ED 5- 10  exposures.  For  the  series  with  doubled  pulses  we  started  with  the  fluences  a  httle  bit  less(5-10%)  than  with 
single  pulse  and  decreased  fluence  as  described  previously.  For  the  following  series  we  decreased  initial  radiant 
exposure  and  increased  number  of  pulses.  In  the  serie  the  energy  fluence  was  decreased  until  lesion  probability  was 
5-10%  just  after  exposure. 

The  experiments  were  made  with  1,  2,  4,  8,  16,  32,  64  repetitive  laser  shots  to  the  same  area  at  different 
radiant  exposure  of  single  pulse.  The  maximum  number  of  64  pulses  at  the  same  place  was  explained  by  low 
repetition  rate  of  the  laser(0.1  Hz),  the  time  of  this  experiment  took  about  10  min.  and  the  most  difficult  was  to 
hold  the  animal  unmovable  by  hands  during  exposures.  In  the  cases  of  long  overall  exposures(l  6,32,64  pxilses)  we 
used  cells  on  the  back  of  the  animal  close  to  the  spine.  With  this  arrangements  the  pig  could  lay  down  still  on  the 
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pad  in  its  most  natural  position  for  longer  time.  Siuce  for  long  multipulse  exposure  the  single  pulse  energy  fluence 
was  well  below  ED50  there  was  no  visible  reaction  of  the  animal  to  laser  shots.  Some  times  during  64  pulses 
experiments  it  got  asleep.  5-10  cells  were  exposed  to  every  value  of  laser  fluence. 

The  value  of  radiant  dose  of  single  pulse  for  ED50  for  free  running  (t—Z.S  ms,  the  spot  diameter  D— 6.5 
mm)  at  1  hour  and  24  hour  post-exposure  are  presented  in  the  Table  1 . 

Table  1. 


Number  of  pulses,  N 

ED50  at  Ih  PE,  J/cm^ 

ED50  at  24h  PE,  J/cm^ 

1 

5.4 

5.5 

2 

4.8 

4.9 

4 

3.6 

3.8 

8 

2.8  n 

2.9 

16 

2.5 

2.7 

32 

1.5 

2.0 

64 

1.0 

1.5  . 

In  the  second  set  of  experiments  laser  operated  in  Q-switch  (t—100  ns,  D—  3.5  mm).  The  value  of  ED50 
dose  of  single  pulse  at  1  hour  and  24  hour  post-exposure  are  presented  in  Table  2. 


Number  of  pulses,  N 

ED50  at  Ih  PE,  J/cm^ 

ED50  at  24h  PE,  J/cm^ 

1 

3.2 

3.1 

2 

2.8 

2.9 

4 

2.4 

2.5 

8 

2.0 

2.2 

16 

1.8  n 

2.0 

32  ' 

1.7 

1.8 

64 

1.6 

1.6 

The  data  are  presented  in  the  plots  with  linear  and  logarithmic  scales(Fig.2).  The  dependence  of  overall 
exposure  £;=  EspN  -energy  fluence  of  single  pulse)  upon  number  of  pulses  N  are  proportional  to  for  free 
running  and  for  Q-switching  mode.  In  the  Fig.3b  approximation  curves  of  experimental  data  are  hyperbolas. 
Extrapolating  them  to  the  higher  pulse  number  it  is  possible  to  assume  that  there  is  minimal  exposure  dose  of  single 
pulse  which  does  not  produce  visible  lesion  even  in  any  long  series  of  pulses.  It  is  0.8  J/cm^  for  free  running  and  1 . 1 
J/cm2  for  Q-switching. 


3.3  Dependence  of  ED50  upon  cross  section  of  laser  beam. 

During  this  set  of  experiment  ED50  value  of  minimal  lesion  was  measured  at  various  laser  spot  sizes  on 
the  animal  skin.  The  maximum  spot  size  was  detemiuied  by  maximum  laser  energy  and  energy  fluence  producing 
persistent  lesion  with  60-70%  probabihty.  In  the  case  of  free  running  the  maximum  laser  energy  was  7J,  energy 
fluence  8  J/cm^,  thus  maximum  cross  section  was  0.9  cm2(d<  1 1  mm).  In  the  case  of  Q-switch  Emax  =  0.6  J,  energy 
fluence  5  J/cm^,  Smax  =0.12  cm2(d<  4  mm).  The  minimum  spotsize  was  about  2  mm,  because  at  spot  diameter  kss 
than  2.5  mm  we  found  it  difficult  to  distinguish  laser  lesion  due  to  inhomogenity  of  porcine  skin.  For  the  Q-switch 
mode  we  had  rather  small  range  of  varying  laser  spotsize. 


The  results  on  ED50  of  minimal  lesions  are  presented  in  the  Table  3. 


Table  3. 


spot  diameter  d,  mm 

cross  section  S,  cm^ 

ED50  24h  PE,  J/cm^ 

l.Free  ruoniug 

1 

10 

0.79 

6.0 

5.6 

0.25 

7.0 

2.7 

0.057 

6.5 

2.0  n 

0.028 

6.8 

2.  0‘Switch 

_ 

4.2 

0.14 

4 

2.6 

0.056 

3.5 
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Number  of  pulses,  N 


Fig.  2.  Dependence  of  overall  exposure  Ej  -  E^pN,  producing  minimal  lesion  in  50%  of  the  cases(ED50) 
upon  number  of  pulses,  a  -  logarithmic  scale,  b  -  linear  scale. 


We  consider  that  deviation  of  the  obtained  data  are  within  the  interval  of  individual  and  local  sensitivity  of  the 
animal  skin  and  there  was  no  visual  dependence  of  ED50  upon  laser  spot  size.  The  constant  value  of  the  ED  50  in 
this  expmment  is  explained  by  the  geometry  of  the  experiment  and  discussed  in  the  next  section. 

4.  DISCUSSION 

The  skin  response  resulting  from  exposure  at  1 540  nm  is  considered  to  be  a  result  of  temperature  elevation 
of  the  tissue.  The  clinical  description  of  skin  bums  at  1540  nm  is  fairly  coincides  with  that  of  at  10.6  pm  of  CO2 
laser^>^.  The  geometry  of  the  experiment  and  estimation  of  the  cooling  of  the  exposed  volume  suggests  weak 
influence  of  heat  dissipation  in  our  experiments,  especially  for  short  pulses  (<  1  ps).  The  penetration  depth  h  of 
lasar  hght  at  1540  nm  to  water  is  about  1  mm(the  absorption  coefficient  a  «  10  cm-i  5’^(Fig.4),  in  the  first 
approximation  we  consider  that  true  for  the  skin  too.  The  smallest  laser  beam  diameter  on  skin  was  2  mm  and  the 
largest  10  mm  (long  pulses:  free  running).  Characteristic  cooling  time  of  the  layer  thickness  h  could  be  estimated 
from  formula  h  ^  (x  ,  where  thermal  diffusivity  of  water  (j  =  1.4  10“^  cmVs).  For  water  layer  1  mm  thick 
which  is  equal  to  penetration  of  laser  hght  into  water  is  equal  10  sec  .  The  cooling  time  is  much  longer  than  pulse 
duration  for  both  laser  pulses(100  ns  and  2.5  ms),  only  in  the  latter  case  some  weak  heat  dissipation  could  be 

considered.  If  again  to  use  watar  substance  as  a  model  for  our  experiment,  the  equivalent  temperature  rise  AT  — 
E/(ShCp)  is  80  C  for  short  and  150  C  for  long  pulses  at  ED50  dose  (£/  -  laser  energy,  S  -  laser  beam  cross 
section,  c  -  specific  heat,  =  4.2  J/(Kcm^)Y  Thus,  the  absolute  temperature  of  the  animal  skin  is  higher  than  42- 
430  C  which  is  close  to  the  temperature  of  protein  denaturation.  The  greate  value  of  ED50  for  longer  pulses  we 
explained  by  the  influence  of  heat  dissipation  during  the  laser  pulse. 

The  data  obtained  in  our  experiments  for  the  skin  are  in  a  good  agreement  with  data  obtained  earher^-2’5 
for  the  cornea.  In  the  case  of  cornea  the  steepness  of  lesion  probabihty  curve  is  higher  and  the  ED50  for  both  short 
and  long  pulses  are  about  10-40%  higher.  This  difference  could  be  because  that  cornea  has  higher  water  content 
and  the  structure  of  corneal  and  skin  melanin  as  well  as  their  thermo -physical  properties  are  different^-  to. 

If  the  thermal  damage  is  a  vaUd  model  for  skin  injury  by  laser  radiation  with  wavelength  within 
absorption  band  of  water  it  is  possible  estimate  ED50  parameter  for  other  wavelength  around  1540  nm.  It  is  also 
possible  to  determine  wavelength  band  where  ED 50  is  close  to  that  of  1540  nm(Fig.4). 

According  to  estimation  made  in  the  previoxis  paragraph  the  cooling  time  of  the  exposed  volume  is  about 
10  sec.  In  the  case  when  repetition  rate  of  the  laser  is  higher  than  0.1  Hz  the  influence  of  addition  of  exposure  dose 
of  single  pulses  becomes  more  pronounced.  In  our  experiments  repetition  rate  was  0.1  Hz  and  the  effect  of  addition 
of  expose  dose  should  not  be  so  striking.  Thus,  obtained  dependence  of  integral  dose  Ej  {Ej  —  E^pN  )  vs.  number 
of  pulses  is  vahd  only  for  repetition  rate  about  0.1  Hz.  This  dependence  should  be  closer  to  (linear  addition  of 
radiant  exposure  of  single  pulses  of  the  same  fluence)  for  slower  repetition  rate  or  faster  cooling  of  the  exposed  site 
and  maybe  decreasing  (up  to  N®  -  constant  integral  dose  equal  to  the  value  ED  50  of  single  pulse)  for  high 
repetition  rate  and  slow  cooling. 

The  analysis  of  the  data  obtained  in  the  experiment  revealed  that  there  was  no  dependence  of  ED50 
parameter  upon  laser  spot  cross  section  within  the  range  of  available  radiant  exposure.  This  fact  could  be  predicted 
from  the  consido-ation  proposed  above.  Since  we  consider  skin  damage  to  be  thermal,  the  local  temperature  could 

be  a  measure  of  the  damage.  Local  temperature  rise  is  determined  by  217"  =  £// (ShCp),  and  the  rate  of  cooling  is 
determined  hy  -  (x  ^ttd  dimensions  of  the  experiment.  In  the  framework  of  our  consideration  we  can 

assume  an  increase  of  heated  up  volume  (  dV)  due  to  thermal  conductivity  and  thus  decrease  of  local  temperature 
as  the  first  order  approximation. 

dV=  d(Sh )  =  Sdh+  hdS^  Shdh/h  +  2Shdr/r  =  V(l^/h  +21, /r) 

For  free  running  pulses  t=2.5  ms  l,(-  0,02  mm)  «  hj(-  1  mm).  Thus  the  absence  of  dependen^  of  ED50 
upon  cross  section  seems  rather  reasonable.  According  this  estimations  one  can  clearly  observe  this  dependence 
when  r  <  0.2  ram. 
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5.  CONCLUSIONS 


In  this  study  we  experimentally  determined  reaction  of  porcine  skin(m  vivo)  to  exposure  by  1540  nm 
radiation  of  Er-glass  laser.  The  ED50  value  for  minimal  lesion  was  found  to  be  5.  /  J/cm^  for  miUisecond  and  3.0 
J/cm^  for  nanosecond  laser  pulses. 

For  multipulse  action  dqjendence  of  ED50  of  minimal  lesion  vs.  nximber  of  pulses  was  determined  for 
repetition  rate  of  the  laser  pulses  0.1  Hz.  The  dependence  of  overall  dose  is  proportional  to  for  free  running 
and  fQj.  Q-switch.  It  was  found  that  there  was  minimal  exposure  dose  of  single  pxilse  which  does  not  produce 
lesion  in  multipulse  action.  It  was  0.8  J/cm^  for  free  running  and  l.I  J/cm^  for  Q-switching.  No  dependence  of 
ED50  vs.  lasa:  beam  spotsize  was  found  for  beam  diameter  2-10  mm. 

We  believe  that  data  obtained  in  this  work  are  adequate  to  update  safety  standards  for  cutaneous  injury 
by  1540  nm  laser  radiation.  Additional  research  of  histology  of  the  persistent  lesions  would  be  very  helpful  for 
more  accurate  classification  of  bums  and  could  be  used  for  possible  applications  of  1540  nm  radiation  for  surface 
skin  operations(cosmetic  surgery). 
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Treatment  and  Prevention 


Treatment  of  laser-induced  retinal  injuries  by  neuroprotection. 
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ABSTRACT 

Retinal  laser  photocoagulation  treatments  are  often  complicated  with 
immediate  side-effect  of  visual  impairment.  To  determine  whether 
glutamate-receptor  hlockers  can  serve  as  adjuvant  neuroprotective  therapy, 
we  examined  the  effects  of  MK-801,  an  NMDA-receptor  antagonist,  on  laser- 
induced  retinal  injury  in  a  rat  model.  Argon  laser  retinal  lesions  were  created 
in  the  retina  of  36  DA  rats.  Treatment  with  intraperitoneal  injections  of  MK- 
801  or  saline  was  started  immediately  after  the  laser  photocoagulation.  The 
animals  were  sacrificed  after  3, 20  or  60  days  and  the  retinal  lesions  were 
evaluated  histologically  and  morphometrically.  Photoreceptor-cell  loss  was 
significantly  smaller  in  MK-801-treated  rats  than  controls.  The  proliferative 
membrane  composed  of  retinal  pigment  epithelial  cells  which  was  seen  at  the 
base  of  the  lesion  in  control  retinas,  was  smaller  in  the  MK-801-treated 
retinas.  MK-801  exhibited  neuroprotective  and  anti-proliferative  properties  in 
the  retina.  Glutamate-receptor  blockers  should  be  further  investigated  for 
serving  as  adjuvant  therapy  to  retinal  photocoagulation  treatments. 

KEY  WORDS;  Glutamate,  Laser  photocoagulation,  MK-801,  NMDA,  Retina 

1.  INTRODUCTION 


Lasers,  which  assumed  increasing  use  in  the  research,  industry  and  military 
fields,  account  for  growing  numbers  of  occupational  eye  accidents^.s.  These  ocular 
injuries  which  mainly  involve  the  posterior  segment  of  the  eye,  lead  to  retinal 
destruction  with  large-scale  photoreceptor  loss  and  severe  visual  impairment. 
Similar  visual  impairments  are  often  observed  when  therapeutical  retinal  laser 
photocoagulation  treatments  are  considered. 

Ophthalmic  laser  treatments  is  the  standard  therapy  for  many  sight- 
impairing  retinal  disorders.  Diseases  that  previously  resulted  in  rapid  sight 
deterioration  and  blindness,  are  now  being  treated  with  laser  photocoagulation. 
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Among  these  disorders  is  age-related  macular  degeneration  (AMD),  the  leading 
cause  of  new  legal  hUndness  in  developed  coimtries. 

AMD  affects  the  macula  inducing  pathological  changes  in  the  outer  retinal 
layers.  In  the  advanced  stage  of  the  disease,  choroidal  neovascular  elements 
(CNV)  invades  the  subretinal  space,  ultimately  resulting  in  the  formation  of  a 
fihrovascular  membrane.  The  retina  over  the  membrane  degenerates  and 
gradually  losses  its  photoreceptor-cells.  This  eventually  leads  to  severe  visual 
impairment. 

The  efficacy  of  argon  laser  photocoagulation  treatment  for  juxta-foveal 
CNV  in  patients  suffering  from  sight-impending  AMD  has  been  demonstrated  by 
the  Macular  Photocoagulation  Study®:  the  laser  photocoagulation  treatments 
effectively  delayed  or  prevented  the  deterioration  of  different  visual  parameters. 
However,  immediately  after  the  treatment  18%  of  the  eyes  exhibited  severe  visual 
loss.  This  side-effect  is  a  result  of  the  dynamic  laser-induced  lesion  expansion 
which  involve  the  destruction  of  the  neurosensory  retinal  tissue  located  in  the 
fovea  just  next  to  the  treated  CNV.  A  presumed  neuroprotective  therapy  which  is 
aimed  to  save  the  neurosensory  retina  from  the  injurious  effects  of  the  laser 
irradiation,  while  not  impairing  its  efficacy  in  destroying  the  CNV,  will  protect  the 
patients  visual  ability  and  enhance  their  benefits  from  the  treatment.  Glutamate- 
receptors  blockers  are  promising  candidates  for  such  a  neuroprotective  role. 

Glutamate  is  the  major  excitatory  neurotransmitter  in  the  central  nervous 
system  (CNS).  It  is  now  well  established  that  glutamate  plays  a  crucial  role  in 
mediating  neuronal  damage  in  CNS  injury^.  After  CNS  insult  the  damaged 
neimons  release  large  amounts  of  glutamate,  which  in  turn,  by  activating  its  N- 
methyl-D-aspartate  (NMD A)  receptor,  causes  damage  to  the  surrounding  neurons 
by  changing  their  intracellular  ionic  concentrations.  The  biochemical  cascade  that 
originates  in  the  injured  neurons  amplifies  the  initial  trauma  and  eventually 
causes  the  damage  to  spread  to  the  adjacent  neuronal  tissues^-®.  It  is  well 
documented  that  NMDA-receptor  antagonists  (like  MK-801)  act  as 
nexu-oprotective  agents  in  a  variety  of  CNS  lesions,  both  ischemic  and  traumatic®. 

Glutamate,  being  the  main  neurotransmitter  of  the  photoreceptor  neurons, 
plays  an  important  role  in  the  normal  functioning  of  the  retina  and  might  be 
involved  in  the  pathogenesis  of  laser-induced  retinal  damage  and  other  retinal 
disorders'*.  This  latter  possibility  is  indicated  by  the  vulnerability  of  retinal  neurons 
to  glutamate  and  NMDA,  and  by  the  neuroprotective  effect  of  MK-801  in  different 
retinal  injuries.  If  the  pathogenic  mechanisms  of  the  spread  of  neuronal  death 


following  retinal  laser  injury  are  indeed  mediated,  at  least  partially,  by  glutamate, 
it  might  be  expected  to  be  attenuated  as  a  result  of  the  treatment  by  NMDA 
antagonists. 

In  order  to  test  this  hypothesis  we  examined  the  neuroprotective  property  of 
MK-801,  a  potent  non-competitive  NMDA-receptor  blocker.  The  drug  was 
evaluated  in  a  pigmented  rat  model  of  retinal  lesion  induced  by  argon  laser 
irradiation. 


2.  METHODS 

Thirty  six  inbred  pigmented  DA  rats,  90  days  old,  were  used.  This  strain  has 
a  imiform  pigmentation  of  the  posterior  segment  of  the  eye,  making  it  particularly 
useful  for  retinal  laser  injury  research.  The  experiments  conformed  to  the  ARVO 
statement  for  the  Use  of  Animals  in  Ophthalmic  and  Vision  Research. 

The  animals  were  anesthetized  by  intraperitoneal  injections  of  ketamine  (40 
mg/kg)  and  xylasine  (8  mg/kg).  Six  argon  laser  (Emerald  Crystal  Focus,  U.S.A.) 
lesions  (514  nm,  200  jim.,  0.1  W,  0.05  sec),  were  produced  in  each  eye,  two  disc 
diameters  from  the  optic  disc.  The  experimental  group  (N=18  rats)  received 
intraperitoneal  injections  of  MK-801  (Research  Biochemical  International,  Natick, 
USA)  in  normal  saline,  at  a  dose  of  2  mg/kg,  immediately  after  the  laser 
irradiation.  A  vehicle-treated  control  group  (N=18  rats)  received  same  volume  of 
saline  at  the  same  timing. 

The  rats  were  sacrificed  3,  20  or  60  days  after  laser  irradiation  (N=6  rats  in  the 
treated  and  in  the  control  groups  at  each  time  point)  and  their  eyes  were 
enucleated,  sectioned  and  examined  by  light  microscopy  for  histopathological 
changes.  To  further  evaluate  the  neuroprotective  effect  of  MK-801  in  the  retinal 
lesions,  a  masked-fashioned  quantitative  morphometric  assessment  was  carried 
out  using  a  computer-assisted  image  analj^is  system  (ScanArrayS,  Galai 
productions,  Migdal-HaEmek,  Israel).  Two  morphometric  measurements  were 
performed  on  each  lesion  in  order  to  evaluate  the  severity  of  the  argon  laser 
injuries.  The  first  measured  the  diameter  of  the  lesion,  and  the  second  evaluated 
the  extent  of  photoreceptor-cell  loss. 

As  the  results  indicated  a  neuroprotective  and  a  RPE  anti-proliferative  effects 
of  the  MK-801  treatment,  the  drug  was  further  tested  with  a  higher  dose  (3  mg/kg 
intraperitoneally  immediately  and  8  hours  after  the  laser  irradiation).  The  lesions 
in  the  treated  and  in  the  control  groups  (N=3  for  each  time  point)  were  processed 
as  described  above. 


A  two-tailed  impaired  T-test  was  used  to  analyze  the  significance  of  differences 
between  the  results  of  the  MK-801-treated  and  the  control  groups  at  each  time 
point. 


3.  RESULTS 

Light  microscopy  revealed  histopathological  differences  between  saline 
controls  and  the  MK-801-treated  animals.  Three  days  after  laser  irradiation,  the 
lesions  of  the  control  group  showed  the  following  local  histopathological  changes  of 
the  outer  retina  and  of  the  choroid:  at  the  central  area  of  the  lesion  there  was  loss 
of  choriocapillaries  and  disruption  of  Bruch’s  membrane.  The  RPE  showed  local 
proliferation  with  formation  of  a  fusiform  membrane  containing  macrophagic  cells. 
The  outer  and  inner  segments  of  the  photoreceptors  were  deformed  and  disrupted 
and  the  ONL  showed  loss  of  nuclei  and  the  presence  of  pyknotic  nuclei  at  the 
periphery  of  the  lesion.  The  photoreceptor  segments  and  the  ONL  tapered  off 
toward  the  center  of  the  lesion,  where  they  were  always  completely  absent.  This 
central  area  was  filled  with  cellular  debris  and  pigment-laden  macrophages.  The 
outer  plexiform  layer  was  disrupted,  the  inner  nuclear  layer  was  mildly  edematous. 
The  inner  plexiform,  the  ganghon  cell  layer  and  the  nerve  fiber  layer  were 
unremarkable. 

In  MK-801-treated  group  the  retinal  response  was  milder  than  in  the  controls. 
Three  days  after  laser  irradiation,  the  RPE  at  the  base  of  the  lesion  showed  mild 
proliferation.  Only  few  macrophages  were  seen  in  the  area  of  the  disrupted 
segments  and  the  sub-retinal  membranes  were  less  developed.  The  ONL  showed 
loss  of  nuclei  and  the  presence  of  pyknotic  nuclei.  Mild  cystic  changes  were  seen  in 
the  inner  nuclear  layer  and  the  inner  plexiform  layer,  while  the  ganglion  cell  layer 
and  the  nerve  fiber  layer  were  imremarkable. 

By  20  days  after  irradiation,  the  proliferative  membranes  in  the  lesions  of  the 
saline-injected  rats  became  multilayered  and  showed  occasional 
neovascularization.  The  RPE  layer  had  reformed  and  was  Ijdng  on  the  sub-retinal 
membrane.  The  inner  nuclear  layer  was  stiU  edematous,  and  the  nerve  fiber  layer 
and  the  inner  liTniting  membrane  were  folded  internally,  creating  a  small  internal 
bulging  at  the  inner  retinal  surface  over  the  area  of  the  lesion.  These  bulgings  are 
supposed  to  be  the  result  of  the  edema  of  the  inner  retinal  layers  and  the  traction 
of  the  normal  retinal  layers  at  the  edge  of  the  lesion  toward  its  center.  In  contrast, 
the  RPE  proliferating  membranes  in  the  MK-801  treated  animals  were  smaller 
and  less  developed  with  only  occasional  neovascular  blood-vessels.  The  internal 
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bulgings  seen  in  the  MK-801-treated  lesions  were  similar  to  those  in  the  controls. 

In  control  retinas,  60  days  after  irradiation,  the  sub-retinal  membrane  had 
diminished  in  size,  became  more  fibrotic  and  contained  numerous  small  blood 
vessels.  The  outer  and  inner  segments  of  the  photoreceptors  were  disrupted  only 
at  the  central  area  of  the  lesion  and  regenerated  at  its  periphery.  Occasional 
pigment-laden  macrophages  were  seen  in  the  central  area  at  the  level  of  the 
segments  and  the  ONL.  The  ONL  showed  fewer  pyknotic  nuclei.  The  internal 
bulging  had  not  changed  its  shape  as  compared  to  the  20  days  old  lesions.  In  the 
MK-801-treated  lesions,  the  morphological  appearance  60  days  after  laser 
irradiation  resembled  that  of  their  control  counterparts.  However,  in  the  MK-801- 
treated  lesions,  the  proliferative  membranes  were  still  small  and  undeveloped,  and 
the  ONL  showed  less  damage. 

In  order  to  further  define  the  effects  of  MK-801  treatment  on  laser-induced 
retinal  lesions,  a  second  stage  of  the  study  was  performed  where  the  drug  was 
delivered  twice  in  a  higher  concentration  (3mg/kg,  LP.). 

Three  days  after  laser  irradiation,  the  histologic  appearance  of  the  lesions  in 
rats  treated  by  MK-801  delivered  twice  with  a  high  concentration  of  3  mg/kg, 
resembled  their  counterparts  that  received  only  one  dose  of  2mg/kg.  The  only 
difference  detected  was  the  complete  absence  of  the  RPE  proliferative  membrane 
in  any  of  the  lesions.  By  20  days  after  irradiation,  again  both  the  control  and  the 
treated  animals  resembled  their  counterparts  in  the  2mg/kg  stage  of  the 
experiment.  While  the  RPE  proliferative  reaction  in  the  control  lesions  was 
organized  as  a  thick  multilayered  fusiform  membrane,  only  a  thin  proliferative 
membrane  was  seen  in  part  (40%)  of  the  MK-801  treated  rats.  The  same 
phenomena  was  observed  at  60  days  after  irradiation  where  proliferative 
membranes  were  absent  in  most  of  the  treated  lesions  and  when  existed  were 
small  and  imdeveloped. 

Morphometric  measxirements  of  the  laser-induced  retinal  lesions  also 
revealed  significant  differences  between  treated  and  control  groups.  The  mean 
diameter  of  the  control  lesions  decreased  diuing  the  first  20  days  after  the  injury, 
though  not  in  a  significant  manner.  It  also  did  not  change  significantly  thereafter. 
The  ratio  between  the  numbers  of  surviving  ONL  nuclei  at  the  lesioned  area  and 
the  adjacent  normal  retina  became  progressively  higher  over  time  in  the  control 
lesions.  This  probably  happened  as  a  result  of  the  traction  of  normal  retinal  layers 
at  the  edge  of  the  lesion  toward  its  center,  mainly  during  the  first  20  days 
(Pv<0.0001).  Three  days  after  laser  irradiation,  the  mean  diameters  of  the  lesions 


in  the  treated  and  control  groups  did  not  differ.  However,  at  20  and  60  days,  the 
MK-801-treated  lesions  became  significantly  smaller  than  their  control 
counterparts  (Pv<0.001  and  Pv=0.01,  respectively).  Differences  in  the  ratio  of 
surviving  photoreceptor  cells  between  MK-801-treated  and  control  lesions  were 
also  significant:  while  at  3  and  20  days  after  the  irradiation,  the  treated  and  control 
lesions  had  similar  ratios  of  surviving  ONL  nuclei,  at  60  days  lesions  the  ratio  of 
surviving  photoreceptor  cells  was  higher  in  the  treated  group  (by  17.2%;  Pv<0.01). 

4.  DISCUSSION 

The  results  of  this  study  indicate  that  MK-801,  a  NMDA-receptor  blocker, 
exhibits  neuroprotective  and  anti-proliferative  properties  in  retinal  laser  lesions. 
Significant  numbers  of  photoreceptor-cells  were  salvaged  from  the  laser 
destruction  as  shown  by  the  fact  that  the  treated  lesions  were  smaller  in  diameter 
than  control  lesions  and  that  the  ratio  of  sinwiving  ONL  nuclei  at  the  area  of  the 
lesion  was  higher  (at  60  days).  The  drug  also  attenuated  the  proliferative  reaction 
of  the  RPE,  as  indicated  by  the  small  size  of  the  sub-retinal  membranes  in  the 
MK-801-treated  retinas.  When  MK-801  was  administered  at  a  higher  dose,  it  failed 
to  rescue  more  photoreceptor-cells  but  it  did  enhanced  its  anti-proliferative  effect 
on  the  RPE  cells:  the  membranes  were  absent  in  aU  of  the  MK-801-treated  lesions 
at  3  days  after  irradiation  and  the  membranes  that  eventually  did  evolved  in  some 
of  the  lesions  were  small  and  imdeveloped. 

Although  laser  injury  to  retinal  neurons  has  generally  been  considered  an 
irreversible  phenomenon  that  cannot  be  halted  or  slowed  down,  new  insights  into 
the  pathological  mechanisms  involved  in  this  process  have  provided  a  theoretical 
basis  for  evaluating  various  pharmacological  strategies  to  induce  neuroprotection. 

Most  of  the  available  information  on  neuroprotection  come  fi-om  studies  of  the 
CNS  following  traumatic  or  ischemic  injmy.  It  seems  likely  that  the  retina,  which 
is  part  of  the  CNS,  is  also  susceptible  to  these  harmful  processes  and  might 
respond  to  drugs  shown  to  have  neuroprotective  properties  in  the  CNS. 

Among  the  most  intensively  studied  pharmacological  agents  for  reducing 
neurotoxicity  diming  CNS  damage  are  glutamate  receptor  antagonists.  Exposure 
of  neurons  to  high  concentration  of  extracellular  glutamate  lead  to  their  death.  It  is 
now  well  established  that  after  CNS  injury  the  damaged  neurons  release  massive 
amounts  of  glutamate  which  interacts  with  adjacent  cells  and  eventually  destroys 
them.  The  development  of  selective  NMDA-receptor  antagonists  has  facilitated 
examination  of  the  role  of  glutamate  in  various  CNS  disorders  and  demonstrated 
their  neuroprotective  properties  in  these  pathological  situations. 


The  neurocytotoxic  effect  of  glutamate,  which  is  mediated  through  activation  of 
its  NMDA  receptors,  was  also  demonstrated  in  the  retina  both  in-vivo  and  in- 
vitro,  and  the  neuroprotective  effect  of  the  NMDA  blockers  was  evident  in  retinal 
gan^hon  cells  which  were  involved  in  the  injury.  Oxu'  study,  on  the  other  hand, 
demonstrated  MK-801  neuroprotective  effect  on  photoreceptor-cells.  This  finding 
is  somehow  simprising  due  to  the  fact  that  imder  normal  circumstances 
photoreceptor-cells  do  not  express  NMDA  receptors.  However,  photoreceptor-cells 
might  express  NMDA  receptors  as  a  result  of  their  exposure  to  high  extracellular 
levels  of  glutamate.  This  phenomena  was  demonstrated  before  in  the  CNS  where 
NMDA  receptors  were  induced  in  cerebellar  granule  cells  which  were  exposed  to 
high  levels  of  NMDA.  MK-801  might  also  exert  its  neimoprotective  effect  by 
enhancing  the  release  of  growth  factors  which  by  themselves  promote  the 
survival  of  the  photoreceptor-cells.  MK-801  is  also  known  to  enhance  neuronal 
survival  in  an  independent  manner  of  its  anti-NMDA  activity.  Nevertheless,  the 
exact  mechanisms  by  which  MK-801  exerts  its  neuroprotective  effect  on 
photoreceptor-cell  survival  is  stiU  to  be  elucidated. 

Our  study  also  points  to  a  less  recognized  property  of  MK-801,  namely  its  anti¬ 
proliferative  effect  on  RPE  cells.  Treatment  with  MK-801  (3  mg/kg)  blocked  the 
formation  of  the  RPE  membranes  at  3  days  after  the  insult.  Subsequently,  at  20 
and  60  days  after  laser-exposure,  the  membranes  did  developed,  but  were  seen  in 
only  40%  of  the  treated  retinas,  and  were  smaller  than  in  the  control  retinas.  The 
development  of  smaller  membranes  in  the  treated  animals  might  simply  reflect 
the  milder  destruction  of  their  external  retinal  layers  by  the  laser  irradiation:  the 
smaller  the  lesion,  the  modest  the  proHferative  reaction  to  it.  The  anti-proliferative 
property  of  MK-801  might  be  expected  from  the  role  of  glutamate  in  RPE 
metabolism,  where  in-vitro  it  enhances  RPE  ceU  proliferation"^  and  the  cells' 
phagoc3dx)tic  activity,  both  effects  are  mediated  via  a  NMDA-receptor-coupled 
mechanism.  Blocking  these  effects  with  MK-801  probably  resulted  in  the 
underdevelopment  of  the  sub-retinal  proliferative  membranes.  However,  it  is  yet 
to  be  determined  whether  this  anti-proliferative  effect  has  any  chnical  imphcations 
in  different  retinal  disorders. 

On  the  basis  of  oxu'  results,  we  suggest  that  glutamate  plays  a  key  role  in 
mediating  retinal  injury  induced  by  laser  irradiation.  Antagonism  of  the  glutamate- 
induced  effects  at  its  NMDA  receptor  significantly  improves  the  outcome  of  the 
laser-induced  retinal  damage.  Further  studies  of  glutamate  receptor  blockers  are 
warranted  in  order  to  evaluate  their  therapeutic  potential  as  accepted  therapy  for 
retinal  laser  injiuy,  both  accidental  and  iatrogenic. 
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ABSTRACT 


Methylprednisolone  have  been  demonstrated  to  ameliorate  retinal  photic  injmy.  In  the  current  study  we 
examined  its  effect  on  laser  induced  retinal  injury. 

Retinal  lesions  were  infliaed  by  argon  laser  (0.05  W,  0. 1  sec,  200  micrometer)  in  36  pigmented  DA  rats.  The 
treated  groups  received  intra-peritoneally  methylprednisolone  (160  mg/kg)  in  saline,  injected  3  times  a  day  for 
2  days,  ctarting  immediately  after  exposure.  The  controls  received  the  vehicle  on  the  same  schedule.  The  rats 

sacrificed  3, 20  or  60  days  after  laser  exposure  and  the  lesions  were  evaluated  by  light  microscopy  and 
morphometric  measurements. 

Laser  injuries  were  associated  with  disruption  of  the  outer  retinal  layers.  Three  and  20  days  after  exposure, 
the  loss  of  the  photoreceptor-cell  nuclei  was  significantly  milder  in  the  treated  groups  as  compared  with 
controls  (39.1  Vs  55.3  %  loss,  treated  and  control  respectively,  20  days  after  exposure  p=0.00008).  There  was 
no  difference 

60  days  after  exposure.  ,  •  j  j 

In  conclusion,  methylprednisolone  reduced  temporarily  the  photoreceptor  cell  loss  in  argon  laser  induced 
retinal  injury,  when  treatment  was  started  immediately  after  laser  exposure.  There  was  no  long  term  effect. 


Keywords:  laser  injury,  retina,  photoreceptors,  corticosteroids,  methylprednisolone. 


2  INTRODUCTION 

Although  laser  induced  retinal  injury  causes  visual  impairment,  1-5  there  is  no  accepted  medical  therapy  for 
reducing  retinal  cell  death  and  disruption  of  architecture  following  exposure. 

An  insult  to  the  central  nervous  system,  which  the  retina  is  part  of,  results  in  excessive  release  of 
neurotransmitters  such  as  glutamate,  by  the  damaged  neurones.  These  affect  the  ionic  equilibrium  and  cause 
intracellular  calcium  overload.  The  calcium  overload  causes  cellular  swelling  and  activation  of  en2ymes  that 
initiate  free  radical  formation.6-9  As  a  result,  cell  membranes  are  damaged  and  delayed  cell  □79,  death  occurs 
at  and  around  the  original  injury  site.  Such  a  biochemical  cascade  may  enlarge  the  original  damage  in  the 
retina  resulted  from  laser  exposure  or  other  traumatic  or  ischemic  causes. 

Methylprednisolone  (MP)  has  an  anti-inflammatory  effect,  it  is  cell  membrane  stabilizer,  and  in  high  doses  it 
has  an  anti-lipid  peroxidation  effect.  We  have  shown  that  high  dose  MP  treatment  ameliorated  light  induced 
injury  to  the  retina  in  rats.  10-1 1  Corticosteroids  are  the  onlyDRV  drug  being  used  to  treat  patients  who  have 
retinal  njury  from  accidental  ocular  exposure  to  laser  radiation,  but  there  have  been  no  systematic  studies  of 
the  effectiveness  of  this  treatment. 

The  goal  of  this  study  was  to  examine  the  effect  of  treatment  with  MP  on  retinal  lesions  induced  by  argon 
laser. 


3.  MATERIALS  AND  METHODS 

3.1.  Animals  .  ^  r-  i  js 

Inbred  DA  pigmented  rats  (Strain  DA\OLa\Hsd,  Harlan  OLAC  LTD.  Blackthorn  Bicester  Oxon.  England), 

that  were  grown  in  Tel-Aviv  University  Animal  House,  at  the  age  of  60  days,  were  used  as  control  and  treated 
groups  for  evaluation  of  the  effect  of  MP  on  laser  induced  retinal  lesions.  All  procedures  involving  animals 
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were  performed  according  to  the  guidelines  of  the  Association  for  Research  in  Vision  and  Ophthalmology 
Resolution  on  the  Use  of  Animals  in  Research. 

After  anesthetia  by  ketamin  40  mg/kg  and  xylasine  8  mg/kg  injected  intra-peritoneaily,  the  pupils  of  the  rats 
were  dilated  by  topical  Topicamide  0.5%  sterile  drops  (Mydramid,  Fischer).  A  contact  lens  that  has  been 
specially  crafted  to  fit  the  rat  ^e  was  placed  on  the  cornea  (using  hydroxypropyl  methylcelulose  2.5%  for 
contact  between  the  lens  and  the  cornea)  to  allow  better  focusing  the  laser  beam  on  the  retina.  Retinal  lesions 
were  then  inflicted  by  the  argon  laser. 

The  rats  were  treated  by  MP  or  by  the  vehicle  as  control,  and  sacrificed  with  an  overdose  of  pentobarbital 
sodium  3  days,  20  days  and  60  days  after  the  laser  exposure.  The  eyes  were  submitted  for  histologic  evaluation. 

Seventy  two  eyes  of  36  rats  were  used  for  the  evaluation  of  the  effect  of  MP  on  argon  laser  induced  retinal 
injury.  Six  rats  were  used  for  the  study  group  and  6  rats  served  as  vehicle  control  group  for  each  of  the  3  time 
points  evaluated. 

3.2.  Laser  lesions 

Retinal  lesions  were  inflicted  using  argon  laser  (Lasertek,  Spectra  Physics).  Six  laser  lesions  were  inflicted  in 
each  eye,  one  to  two  disc  diameters  from  the  disc.  The  settings  of  the  argon  laser  used  were  514  nanometer,  200 
micrometers,  0.05  Watts,  and  0.1  seconds. 

3.3.  Methylprednisolone  treatment 

The  MP  treatment  included  intra-peritoneal  injections  of  methylprednisolone  sodium  succinate  (Upjohn)  in 
normal  saline,  at  a  dose  of  160  mg/kg  every  8  hours  for  2  days,  starting  immediately  after  the  laser  injury.  The 
control  groups  received  the  same  volume  of  vehicle  injections  at  the  same  timing. 

3.4.  Histological  and  morphological  evaluation 

Histologic  changes  in  control  and  treated  rats  which  were  subjected  to  retinal  laser  injury  were  studied  by 
light  microscopy  and  by  morphometric  measurements  of  the  retinal  lesion.  For  the  histological  study,  the 
enucleated  eyes  were  fixed  in  1%  glutaraldehyde.  The  posterior  segments  of  the  ^es  were  then  dissected,  using 
a  surgical  microscope,  into  retinal  specimens,  each  including  one  retinal  laser  lesion.  The  samples  were 
embedded  in  plastic.  The  blocks  were  sectioned  serially  and  stained  by  toluidine-blue.  Sections  jOrom  the  center 
of  the  lesions,  that  included  the  longest  lesion  diameter,  were  picked  for  histopathologic  and  morphometric 
evaluation.  The  morphometric  assessment  of  the  lesions  were  carried  out  using  an  image  processing  system  that 
included  a  digitizing  pad  (Summagraphics,  Seymour,  CT,  USA),  a  personal  computer  and  suitable 
custom-made  software.  A  handle  with  a  45  degree  tilted  mirror  was  built  to  fit  the  projection  microscope.  This 
allowed  the  projection  of  pictures  of  stained  retinal  sections  onto  the  digitizing  pad.  Various  morphometric 
measurements  were  done  in  order  to  evaluate  the  effect  of  treatment.  The  borders  of  the  lesions  were 
determined  and  their  diameter  was  measured.  Then,  the  loss  of  thickness  of  the  ONL  at  the  area  of  the  lesion  as 
compared  with  the  normal  ONL  thickness  at  the  normal  retina  near  the  lesion  was  calculated.  The  area  with 
total  loss  of  ONL  at  the  center  of  the  lesions  was  also  evaluated. 

3.5.  Statistical  evaluation 

For  statistical  evaluation,  the  calculated  mean  of  measurements  of  the  lesions  from  both  eyes  of  each  animal 
was  the  result  for  that  animal.  T-test  was  used  to  analyze  the  significance  of  the  differences  between  the 
morphometric  results  of  the  treated  and  the  vehicle  control  groups  at  each  time  point. 

4.  RESULTS 


4.1.  Histologic  evaluation  of  the  retinal  lesion  induced  by  argon  laser 
The  argon  laser  retinal  lesions  seen  3  days  after  exposure  were  characterized  by  disruption  of  the  retinal 
pigment  epithelium,  formation  of  a  proliferative  plaque  and  invasion  of  pigment  epithelial  cells  into  the  retina. 
The  photoreceptor  segments  were  disrupted  and  the  ONL  was  tapered  toward  the  center  of  the  lesion,  where  it 
was  totally  lost.  The  inner  retinal  layers  were  intact  and  edematous  in  the  more  severe  lesions  only.  The  nerve 
fiber  layer  and  the  inner  limiting  membrane  were  folded  internally  towards  the  vitreous.  By  20  and  60  days 
after  exposure,  the  pigment  epithelial  plaque  diminished  in  size. 

The  lesions  of  the  treated  groups  and  the  vehicle-treated  groups  were  similar. 


4.2.  Morphometric  evaluation  of  the  laser  induced  retinal  lesions 
The  morphometric  measurements  demonstrated  no  significant  difference  between  the  diameter  of  the  lesions 
of  the  control  and  treated  groups  at  3,  20  or  60  days  after  exposure  (table  1),  However,  the  area  of  total  ONL 
loss  at  the  center  of  the  lesion  (table  2)  was  smaller  and  the  loss  of  ONL  thickness  at  the  lesion  was 
significantly  milder  in  the  treated  group  as  compared  with  controls  (39.1  Vs  55.3  %,  treated  and  control 
respectively,  20  days  following  exposure,  p=0.00008  table  3).  This  difference  was  not  seen  at  60  days  after 
exposure. 


5.  DISCUSSION 


As  MP  was  reported  to  ameliorate  non-coherent  light  induced  retinal  injury  in  rats  and  laser  injuries  in 
monkeys,10-12  we  evaluated,  in  the  current  research,  its  effect  on  argon  laser  induced  retinal  injuries  in 
pigmented  rats.  As  expected,  an  ameliorative  effect  was  demonstrated  with  a  high  dose  MP  when  started 
immediately  after  laser  exposure.  However,  argon  laser  induced  retinal  lesions  that  were  evaluated  60  days 
after  laser  exposed  demonstrated  that  this  effect  was  only  of  a  short  duration. 

In  conclusion,  we  found  that  methylprednisolone  reduced  photoreceptor  cell  loss  in  argon  laser  induced 
retinal  injury,  when  treatment  is  started  iirunediately  after  laser  exposure.  However,  more  research  is  needed  to 
explain  the  meaning  of  the  temporary  effect  seen,  and  to  find  out  the  regime  that  induce  maximal  ameliorative 
effect. 
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Table  1.  Effect  of  MP  treatment  on  the  diameter  of  the  retinal  lesion  induced  by  argon  laser 


Time  after 
laser  injury 
(days) 

Diameter  of  retinal  lesion 
(micrometer,  mean  +  SD) 

p 

(t-test) 

Vehicle  treated 

MP  treated 

3 

388.1  +34.4 

386.7  +  57.4 

0.66 

20 

345.8  ±34.1 

358.4  +  30.4 

0.26 

60 

340.1  +26.0 

346.5  +  26.4 

0,86 

Table  2.  Effect  of  MP  treatment  on  the  total  loss  of  ONL  at  the  center  of  the  retinal  injury  induced  by  argon 
laser 


Time  after 
laser  injury 
(days) 

Total  loss  of  ONL  at  the  center 
of  the  lesion 

(micrometer,  mean  +  SD) 

p 

(t-test) 

Vehicle  treated 

MP  treated 

3 

94.6  ±  22.6 

89.0  ±  19.0 

0.70 

20 

30.9  +  10.0 

14.5+  8.5 

0.01 

60 

22.6  +  17.2 

39.6+12.2 

0.12 

Table  3.  Effect  of  MP  treatment  on  the  loss  of  ONL  thickness  at  the  area  of  the  retinal  injury  induced  by  argon 
laser 


Time  after 
laser  injury 
(days) 

Loss  of  ONL  thickness  at  the  lesion 
( % ,  mean  +  SD) 

p 

(t-test) 

Vehicle  treated 

MP  treated 

3 

59.4  +  5.8 

50.2  +  4.9 

0.027 

20 

55.3  +  1.9 

39.1  +  4.3 

0.00008 

60 

50.1  +  2.2 

48.7+  2.3 

0.39 
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ABSTRACT 


Adequate  treatment  strategies  do  not  exist  for  retinal  laser  injuries.  To  gain  a  better 
understanding  of  available  treatments,  data  from  a  variety  of  human  laser  accident  cases  and  relevant 
experimental  work  was  evaluated.  Most  laser  eye  injury  cases  are  not  attended  by  an  ophthalmologist 
for  several  hours  to  days  after  injury  and  most  patients  are  not  treated.  Of  the  few  cases  receiving 
treatment:  only  the  FDA  approved  glucocorticoids  are  available  for  use.  Their  use,  however,  is  still 
controversial.  Experimental  animal  work  during  the  acute  phase  of  injury  indicates  that  productive 
efforts  have  targeted  neuroprotection,  inflammation  (PMNs),  ischemia-reperfusion,  and  lipid 
peroxidation.  Late  stage  issues  for  treatment  are  scarring,  retinal  hole  persistence  and  expansion,  and 
traction.  In  summary,  treatments  for  acute  and  late  phase  injury  are  currently  inadequate. 
Preserving  existing  neural  elements  should  be  the  top  priority  in  these  injuries.  We  reccomend  that 
relevant  treatments  begin  immediately  after  injury.  Other  approaches  are  necessary  to  target  early 
and  late  phase  secondary  damage  events  that  are  entrenched. 

Keywords:  Laser,  retina,  macula,  injury,  neutrophils,  edema,  macular  hole,  vitreous 

hemorrhage,  scarring,  treatment 


1.  INTRODUCTION 

The  proliferation  and  use  of  lasers  in  a  wide  variety  of  applications  has  increased  the  number  of 
cases  of  accidental  exposure  of  the  retina.’’^^  With  further  use  of  laser  systems,  even  greater 
frequencies  of  laser-induced  retinal  injury  (LIRI)  can  be  expected.  Of  the  areas  within  the  retina,  the 
fovea  is  the  region  of  greatest  concern  because  of  its  importance  to  central  vision.  The  degree  of  vision 
impairment  is  directly  related  to  the  wavelength  and  the  amount  of  laser  energy  absorbed  within  the 
retina.  The  extent  and  nature  of  the  injury  is  determined  by  a  variety  of  laser  and  ocular  factors  which 
have  been  reviewed  by  Marshall®  and  Mellerio  et  al.^'* 

An  emerging  problem  with  repetitively  pulsed  lasers,  is  that  multiple  foci  of  injury  can  occur 
before  the  eye  is  averted.’ Previously  reported  multiple  laser  exposure  injuries  of  the  human 
retina  have  resulted  in  a  poor  visual  prognosis  with  increasing  time  after  laser  injury.”  ’^-^^  Foveal 
and  near-foveal  injuries  are  the  most  typical  for  human  laser  accidental  exposures  since  the  laser 
beam  is  more  directly  engaged  by  human  observers  to  coincide  with  direct  or  near-direct  exposure  of 
the  fovea.  An  additional  aspect  of  multiple  injuries  within  the  retina  is  the  idea  that  adjacent  injuries 
involve  previously  uninjured  retina,  thus  expanding  the  area  of  damage.”'^®  Also,  since  many  laser 
systems  are  now  being  used  outdoors,  the  laser  beam  diameter  at  extended  distances  relative  to  the 
observer  presents  special  problems.  Specifically,  if  a  large  beam  diameter  is  appropriately  aligned 
and  observed,  or  if  binocular  optics  are  utilized  to  observe  and  focus  the  laser  beam  energy;  bi-lateral 
injuries  can  occur.^^ 

Rockwell  extensively  reviewed  the  literature  regarding  accidental  laser  exposures  and  showed 
that  out  of  272  cases,  1 99  involved  the  eye  and  1 80  of  these  cases  resulted  in  permanent  changes  in 
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vision.’^  Wolbarsht^®  indicated  that  the  total  number  of  injuries  is  under  represented  in  the  literature 
because  most  non-military  laser  injuries  are  not  reported  due  to  litigation  proceedings.  Most  of  the 
accident  case  studies  show  that  the  Nd:YAG  laser  is  responsible  for  most  of  the  injuries. The  trend 
for  overall  injury  is  increasing  from  9.6/yr  in  the  previous  decade  to  14.3  injuries/yr  for  the  last 
decade  ending  in  1993.’^ 

Location  within  the  retina  is  perhaps  the  single  most  important  factor  in  assessing  the  severity 
of  injury.  Lesions  directly  in  the  fovea  and  in  the  central  retina  would  be  considered  most  detrimental 
with  the  degree  of  severity  falling  off  as  a  function  of  distance  from  the  macula.  Also,  significant 
injuries  in  the  papillomacular  arcade  (zone  between  the  macula  and  optic  nerve)  would  be  considered 
serious,  as  nerve  fibers  coursing  toward  the  optic  nerve  in  this  area  are  usually  damaged  after 
moderate  to  severe  LIRI.^^  Injuries  in  peripheral  areas  of  the  retina  would  be  considered  less  serious. 

Retinal  responses  to  LIRI  can  be  classified  into  three  main  stages  of  temporal  development: 
(1)  primary  damage,  which  occurs  at  the  moment  of  injury  and  involves  irreversible  photo¬ 
mechanical,  photo-ionization,  photocoagulative,  and  hemorrhagic  damage  (this  includes  the  immediate 
and  untreatable  damage  caused  by  heat-fixation,  photo-mechanical  disruption  or  photoionization 
processes).  Primary  damage  also  involves  mechanical  shearing,  arising  from  hemorrhage  forces,  and 
damage  from  the  superheated  gas  bubble  emerging  from  the  injury  site  and  exiting  at  the  retinal 
surface;  (2)  secondary  damage,  which  is  produced  by  complicating  processes  initiated  at  the  moment 
of  injury.  These  changes  appear  rapidly  by  histology,  but  may  not  present  clinically  for  a  period  of 
hours  to  days  after  injury.  Some  of  these  responses  include  damage  related  to  edema, 
ischemia/reperfusion,  inflammation,  and  lipid  peroxidation;  and  (3)  tertiary  or  remodeling  damage, 
which  occurs  weeks  to  years  after  injury  and  involves  scar  formation  and  contraction  and  retinal  hole 
expansion  leading  to  retinal  detachments  and  further  loss  of  vision. 

From  the  treatment  perspective,  the  responses  of  the  retina  to  LIRI  can  be  divided  into  two 
general  stages;  early  and  late  stage  events.  Early  stage  events  are  referred  to  as  those  that  can  be 
controlled  to  prevent  permanent  and  irreversible  damage  to  both  normal  and  initially  damaged  but 
viable  neural  elements.  The  onset  and  severity  of  early  stage  events  are,  therefore,  critical  to  neural 
element  survival  and  outcome  of  repair.  On  a  time  scale,  early  stage  injury  may  evolve  from  0  to  24  h 
after  the  injury  and  is  dependent  on  the  extent  and  severity  of  injury.  Some  of  the  early  stage  events 
that  are  potentially  reversible/preventable  are:  inflammation,  ischemia-reperfusion,  free  radical 
production,  and  lipid  peroxidation;  all  of  which  secondarily  destroy  neural  elements,  expand  lesion 
sizes,  promote  scarring,  and  complicate  visual  function  recovery.  Fundscopic  and  histologic  examples 
of  early  stage  injury  include  primary  damage  such  as  hemorhaging  and  secondary  damage  such  as  acute 
inflammation  (Figure  1 ). 

Later  stage  events  such  as  scarring,  which  can  involve  vitreo-retinal,  chorio-retinal  or 
combinations  of  these  interactions  can  produce  traction,  epiretinal  membranes,  detachments,  and 
permanent  defects  in  the  blood-retinal  barrier  with  compromise  of  vitreo-retinal  immune  privilege.^® 
Excessive  scar  contraction  can  also  result  in  retinal  detachment,  hole  formation,  and  hole  enlargement. 
Late  stage  events  may  begin  as  early  as  1-3  h  and  continue  up  to  months  or  years  after  the  injury, 
involving  regions  and  neural  elements  that  were  previously  uninjured  or  uninvolved.  Late  stage 
damage  can  also  occur  via  secondary  injury  processes.  Loss  of  neural  elements,  especially 
photoreceptors,  results  in  both  lost  function  and  reduced  adhesion  of  the  retina  to  the  retinal  pigment 
epithelium,  which  in  turn  increases  the  risk  of  retinal  detachments.  Excessive  late  stage 
complications,  therefore,  can  ultimately  result  in  total  vision  loss  and  possibly  loss  of  the  eye.  Two 
general  fundus  pathology  outcomes  can  occur  from  early  stage  severe  lesions,  when  observed  over  an 
extended  period  of  time  after  LIRI  in  humans;  (1)  retinal  hole  development;  and  (2)  extensive  scarring 
and  traction  (Figure  2).  Both  entities  have  been  associated  with  epiretinal  membrane  (ERM) 
formation  and  poor  visual  prognosis.®  It  is  reasonable  to  speculate  that  some  late  stage  complications 
may  be  prevented  by  appropriate  treatments  if  administered  during  the  early  stage  of  injury. 
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EARLY  STAGE 


Figure  1.  Examples  of  some  of  the  early  stage  events  that  require  immediate  treatment.  A.  Vitreous 
hemorrhage  in  a  macula  of  non-human  primate  immediately  after  injury  (primary  damage).  B. 
Neutrophils  (arrows)  enter  sites  of  LIRI  in  a  rabbit  retina  between  30  min  and  24  h  after  injury 
(secondary  damage).  By  24  h  after  injury,  extensive  neutrophil  and  monocyte  infiltration  is  present 
in  an  argon  laser  lesion.  Neutrophils  in  the  CNS  are  known  to  contribute  to  extensive  secondary 
damage. 
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LATE  STAGE 


RETINAL  HOLE 


OD  1 8  Nov  1 994  OD  24  May  1 995 


Figure  2.  Example  of  some  of  the  late  stage  entities  that  require  treatment  during  the  early  stages  of 
injury  before  becoming  fully  expressed  during  the  late  stage  (remodeling  damage).  A.  Retinal  hole  (H) 
development  after  Nd:YAG  LIRl  in  a  human  (non-treated).  Histologic  section  of  comparable  severity 
lesion  is  to  right  and  shows  a  retinal  hole  (H)  in  a  4  mo  old  Nd:YAG  LIRl  in  a  non-human  primate.  B. 
Scarring  (S)  is  associated  with  multiple  Nd:YAG  LIRIs  in  a  human  (non-treated).  Histologic  section  of 
comparable  severity  lesion  is  to  right  and  shows  a  retinal  scar  (S)  in  a  4  mo  old  Nd:YAG  LIRl  in  a  non¬ 
human  primate. 
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2.  Summary  of  human  laser  retinal  injuries  and  treatments  provided 

It  is  generally  viewed  by  the  medical  community  that  once  the  retina  has  been  insulted  by  laser 
radiation  there  is  very  little  that  can  be  done  by  medical  management  to  reverse,  halt  or  slow  down 
degenerative  processes. However,  recent  new  advances  indicate  that  potential  new  treatments  may 
become  available. 

It  is  becoming  increasingly  apparent  that  important  factors  in  therapy  are  based  on  the  idea  of 
appropriate  timing  and  use  of  key  agents.  Based  upon  results  from  brain  trauma  and  spinal  cord 
injury  work,  the  sooner  the  treatment  is  provided,  the  better.  Another  important  aspect  that  is 
becoming  quite  apparent  is  that  no  single  agent  will  be  sufficient  to  provide  a  complete  time-course 
based  therapy,  but  that  multiple  therapeutics  will  most  likely  have  to  be  administered  at  appropriate 
times  and  directed  at  key  targets.  It  is  proposed  in  this  review  that  the  most  effective  window  of 
treatment  for  LIRI  is  within  the  0-3  h  period.  In  particular,  addressing  the  acute  neutrophil 
emigration,  infiltration,  and  degranulation  responses  may  be  important  aspects  in  limiting  severe 
LIRI  (Figure  3).  Any  treatment  after  3  h  to  limit  this  response  may  be  of  limited  value  because 
secondary  damage  events  will  have  become  entrenched  and  injury  to  central  nervous  system  (CNS) 
elements  becomes  largely  irreversible.  This  treatment  window  may  be  more  critical  for  cases  with 
multiple  severe  injuries  in  and  around  the  fovea. 

A  recent  review  of  the  literature  has  resulted  in  a  listing  of  human  LIRI  cases  and  their 
treatments  (see  Table  I).  Only  a  few  of  the  reports  have  provided  sufficient  details  to  assess  aspects  of 
injury  and  treatment. Table  1  shows  that  a  majority  of  the  cases  occurred  from  Nd:YAG  laser 
exposure  and  that  the  time  between  initial  injury  and  the  first  examination  by  an  ophthalmologist  is 
quite  variable.  Much  of  the  reported  literature  is  not  clear  with  regard  to  the  time  from  initial  injury 
to  the  first  ophthalmology  exam.  Also,  the  treatment  regimens  applied  in  many  of  the  cases  have  not 
been  well  documented.  Glucocorticoids  have  been  utilized  to  treat  some  of  the  injuries®  ’’  ’'*'^®’^^’^®,  but 
most  LIRIs  have  been  left  untreated. Furthermore,  it  is  unclear  if  any  of  the  treatments 
resulted  in  any  benefits®’^®’^'*.  However,  Scales  et  aP®  recently  initiated  treatment  in  one  case  within  4 
h  with  high  dose  (30mg/kg)  GCs  and  demonstrated  a  return  to  normal  visual  acuity  within  1  mo  after  a 
moderate  bilateral  LIRI.  In  contrast,  this  injury  was  similar  to  the  injury  case  reported  by  Hirsch  et 
aF'*  where  oral  Prednisolone  treatment  was  used,  but  the  benefit  of  treatment  was  unclear. 
“Traditional  Chinese  medicine”  treatments  have  also  been  utilized,  however,  the  benefits  realized  were 
also  unclear^®  ''®'®'.  It  can  then  be  concluded  that  the  reporting  of  treatments  in  the  literature  for  human 
LIRIs  is  presently  unclear  and  that  further  studies  are  needed  to  clarify  appropriate  treatments. 

Recently  Stuck  et  aP®  reported  on  8  human  cases  (see  Table  II)  and  the  format  presented  from 
that  synopsis  is  suggested,  in  part,  to  assist  in  documenting  the  nature  of  the  injuries,  treatments,  and 
results  of  treatments.  Additional  format  suggestions  are  provided  by  Ness  et  al®®  in  this  volume. 
National  and  centralized  documentation  centers  responsible  for  accurate  documentation  of  LIRIs  are 
currently  being  developed.'®  ®® 

2.1.  Glucocorticoids 

A  majority  of  LIRIs  do  not  receive  any  pharmacological  treatment,  and  those  that  do,  the 
treatment  is  usually  glucocorticoid  (GC)  therapy®  because  GCs  are  the  only  FDA  approved  drugs 
available  to  treat  CNS  injuries.  The  effectiveness  of  GC  treatment  for  LIRIs,  however,  is  presently 
unclear.'''®®'®''®®  By  better  understanding  human  accidental  laser  injuries  and  targeting  key  factors  of 
injury,  better  treatment  regimens  may  be  developed  to  treat  this  emerging  problem. 

Some  GCs  are  known  to  slow  down  certain  inflammatory  reactions,  but  they  are  widely  known  to 
inhibit  macrophage  entry  and  the  phagocytic  responses  of  macrophages  and  macrophage-like  cells  such 
as  the  retinal  pigment  epithelium  (RPE).  They  are  also  known  to  inhibit  glial  scar  formation.  In  fact, 
GCs  have  been  shown  to  suppress  immunity  and  inhibit  wound  healing  through  transcription  factor 
regulation.®®  ®®  Upon  activation  of  specific  transcription  factors  (such  as  nuclear  factor  kappa  B,  NF- 
kB),  a  large  number  of  genes  stimulate  production  of  various  inflammatory  cytokines,  adhesion 
molecules,  and  other  proteins.®® 
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Figure  3.  Early  PMN  response  (secondary  damage).  A.  Rabbit  lesion  40  min  after  LIRI.  A  clot  with 
PMNs  is  present  in  the  choroid  (arrow).  B.  Human  Nd:YAG  lesion  4  h  after  LIRI  shows  large  numbers 
of  PMNs  (arrows)  in  the  choroid  and  retina.  Magnification  bars  =  50  [im. 
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Table  I.  Summary  of  Laser  Ocular  Injury  Cases  and  Treatments  Provided 


#  of  Time  to 


Reference 

Cases 

Laser 

1st  Exam 

Treatment 

1.  Scales  et  aM  997^® 

1 

QSND:YAG 

4  h 

MP  (30mg/kg  + 
taper/2wk  w/80- 
40mgPOQD  Pred 

2.  Custis  et  al  1996®' 

1 

QSNctYAG 

5d 

Surgery  @6  mo 

3.  Stuck  et  al  1996®® 

8 

QSNdYAG 

Var 

1/8  DXM 

4.  Thach  et  al1995®° 

5 

Nd:YAG 

- 

None 

5.  Modarres-Zadeh 
et  al  1995'® 

1 

QSRuby 

4  h 

None 

6.  Rockwell  et  al  1994'® 

1  99 

29%  Nd:YAG 

Var 

None  Reported 

7.  Xu  et  al  1994'® 

48 

60%  Nd:YAG 

Var 

Vit,Vasodil, 
hormones,  Ezs 

Trad.  Chin.  Med. 

8.  Rhodes  1993'® 

33 

Var. 

Var. 

18/33  w/  various 
steroids 

9.  Xuetal1993®’ 

1 

Nd:YAG 

? 

Trad.  Chin.  Med. 

10.  Alhalel  et  al  1993'® 

2 

Nd;YAG 

7 

None  reported 

1 1 .  Hirsch  et  al  1992’“ 

1 

Pulsed  dye 

7 

60mg  POQD9d 
Prednisolone 

12.  Gabel  et  al  1989'® 

6 

QSNdYAG 

Var 

None  reported 

13.  Haifeng  et  al  1989'® 

29 

19QSNd:YAG 

7 

ATP,  Coenzyme  A, 
Vit  A,B,C  D,  E, 
Dibazol,  Rutin 

14.  Kearney  et  al  1987” 

1 

Nd:YAG 

7 

DXM  10mg- 
4mgQ6h/48h 

15.  Manning  et  al  1986'° 

1 

Nd:YAG 

~2h 

None 

16.  Lang  et  al  1985®° 

1 

QSRuby 

5d 

None 

17.  Wolfe  1985® 

23 

Var. 

Var. 

10/23  treated  w/ 
various  steroids 

DXM  =  dexamethasone,  MP  = 

methylprenisolone, 

Prednis.  =  Prednisolone, 

and  Trad.  Chin.  Med.  = 

Traditional  Chinese  Medicine. 


Table  II.  Human  Laser  Accident  Case  Data:  Evaluations,  Treatments,  and 
Visual  Acuity  Results  (After  Stuck  et  al  1996^^) 


Case  #/ 
eye 

Laser 

type 

Inil  Exam 
post  Injury 

V.A. 

Inil  Injury/ 
Location 

Treatment 

Final  Final  V..A, 

fundus 

status 

/  date 

1.  C-l/OD 

QSNd:YAG 

24  h 

20/400 

20/25  Imo 

V-H/ 

fovea 

lOmg  DXM/dl 
4mg^Q6h/48h 

ERM/  20/40 
scar/ 

12  mo 

2.  C-2/OD 

QSNd:YAG 

5  wk 

20/50 

Opacily/S- 

fovea 

None 

cleared/  20/25 

1 0  wks 

3.  C-3/OD 

QSNd:YAG 

24  h 

20/200 

V-H/ 

N-T  fovea 

None 

ERM/scar20/400 

hole/ 

18  mo 

4.  C>4/OS 

QSRuby? 

4h 

10/400 

20/200  lOd 

SR-H/ 

fovea 

None 

Depig/  /20/400 
ERM/  5  mo. 

5.  C-5/OS 

Nd:YAG-? 

5d 

10/400 

SR-H/ 

fovea 

None 

Depig/  1 0/400 

3  wks 

6.  C-6/OS&D 

Nd:YAG-? 

3wk 

20/20  OU 

M/punctate 

S-T  fovea 

None 

Depig/  20/20  OU 
11  Mo. 

7.  C-7/OS 

Nd:YAG 

24  h 

20/200 

20/25  3wk 
20/17  3mo 

Sm  V-H 

S-N  fovea 

None 

Depia/  20/17 

2.5  yr 

8.  C-8/OD 

Nd:YAG 

24  h 

20/50 

20/70  3wk 
20/200  Smo 

M/V-H 

N-T  fovea 

None 

Surg@6Mo. 

Hole.ERM/20/400 
2.5  yr 

20/400  18  mo 


Abbreviations:  Initial  Injury  ;  V-H  =  vitreous  hemorrhage,  SR-H  +  subretinal  hemorrhage,  M  = 
multiple  injuries,  S  =  superior,  and  Sm  V*H  =  small  vitreous  hemorrhage.  Locations;  N-T  =  nasotemporal, 
S-T  =  superior  temporal,  and  S-N  -  superior  nasal.  Final  fundus  status;  ERM  =  epiretinal  membrane,  and 
Depig.  =  depigmented  lesions. 


Many  of  the  anti-inflammatories  function  by  preventing  the  binding  of  key  transcription  factors  to 
gene  sites.  Since  GCs  are  known  to  inhibit  the  proliferation  of  some  cells,  the  repair  of  the  BRB  by  RPE 
cells  is  also  delayed.^''  Delay  in  repair  of  the  BRB  then  lenghtens  the  exposure  of  the  retina  to 
molecules  normally  excluded  by  an  intact  BRB.  Central  nervous  system  access  to  molecules  normally 
excluded  may  have  detrimental  effects  on  both  survival  and  repair  of  neuronal  elements. 

Bracken  et  aP®  in  a  randomized,  double-blind,  placebo-controlled  trial  of  487  patients 
[National  Acute  Spinal  Cord  Injury  Study-ll  (NASCIS-II)]  showed  that  a  high  dose  of  MR  (30mg/kg  - 
MP  sodium  succinate  bolus)  followed  by  23  h  of  MP  infusion  (54.mg/h)  was  effective  up  to  8  h,  as 
assessed  by  a  benefit  in  recovery  of  motor  function  at  6  mo.  This  dose,  however,  was  detrimental  if 
administered  after  the  8  h  window.  It  was  then  concluded  that  after  this  8  h  window,  GCs  interfered 
with  neuron  regeneration  and  over  the  long  term  there  was  an  increase  in  infections. 

Sapolsky  et  al”*®  indicated  that  GCs  potentiate  ischemic  injury  to  neurons.  Prendergast  et  aP"*  in 
a  54  patient  study  (54  patients/  29  MP/25  placebo)  showed  that  massive  steroids  do  not  reduce  the 
zone  of  injury  in  penetrating  spinal  cord  injury  and  that  MP  may  actually  impair  recovery  of 
neurologic  function.  Along  similar  lines.  Hall  et  aP^  showed  that  postinjury  administration  of  high 
doses  of  MP  failed  to  exert  any  significant  anti-PLA  2  action  after  spinal  cord  injury.  Results  showed 
that  eicosanoid  levels  (arachidonic  acid,  PGF2,  PGE2,  TXA2,  and  LTs)  were  not  attenuated  as  previously 
believed.  Recently,  Levy  et  aP®  in  a  252  patient  study  showed  that  the  administration  of  MP  did  not 
significantly  improve  functional  outcomes  in  patients  with  gunshot  wound  injuries  to  the  spine.  Since 
the  retina  is  part  of  the  CNS,  and  if  the  pathophysiology  of  spinal  cord  and  brain  trauma  can  be  regarded 
as  being  similar  to  laser  retinal  trauma;  then,  valid  comparisons  and  extensions  may  be  made  regarding 
treatment  of  LIRIs.  Most  applications  of  GCs,  and  in  particular  MP,  appear  to  be  based  on  possible 
antioxidant  roles.  This  role,  however,  has  been  recently  shown  to  be  independent  of  GC  receptor 
mechanisms,  suggesting  that  a  non-GC  could  duplicate  any  antioxidant  efficacy. 

Other  effects  of  GCs  are  that  they  suppress  immunity,  increase  infections,  and  promote 
cataracts  and  bone  weakening.  They  also  elevate  blood  pressure,  enhance  optic  nerve  damage,  and 
inhibit  macrophages,  thus  suppressing  wound  healing.  Some  GCs  do  not  inhibit  PMN  entry  as  suggested 
in  some  studies  and  they  prevent  PMN  apoptosis.  In  combination,  these  factors  may  lead  to  GC-induced 
leukocytosis. In  addition,  large  doses  are  required  for  neuroprotection  but  excessive  doses  can 
increase  lipid  peroxidation  and  destabilize  membranes.  The  neuronal  uptake  of  GCs  has  been  shown  to 
decrease  with  time  after  injury,  which  argues  against  their  protracted  use.  Glucocorticoids  are  also 
known  to  exacerbate  ischemic  lactic  acidosis  by  increasing  serum  glucose  levels,  which  promote 
diabetic  problems  and  other  complications  such  as  gastric  ulceration  and  a  negative  nitrogen  balance®®. 
Generally,  there  is  a  maximum  treatment  window®®  (for  MP  it  is  8  h)  and  a  gradual  withdrawal  is 
required. 

Some  of  the  positive  effects  of  GC  use  are  that  they  reduce:  inflammation,  scarring  via 
antiproliferative  effects,  Og  free  radical  lipid  peroxidation,  possibly  edema,  and  stabilize  blood  flow. 
Fu  et  al'*'*  showed  that  dexamethasone  (DXM)  was  capable  of  ameliorating  photic  injury  in  rats.  Lam  et 
aP®  reported  that  methylprednisolone  (MP)  therapy,  in  monkeys  24  h  before  laser  injury  with 
continued  lower  dose  treatment  up  to  4  days  after  injury  was  beneficial;  however,  severe  side  effects 
were  also  observed  from  the  high  dose  and  extended  therapy  regimen. 

Most  ophthalmologists  still  prefer  the  use  of  steroids  as  acute  stage  therapeutics  for  LIRl; 
however,  as  increasing  evidence  indicates,  GCs  may  not  be  the  optimum  treatment  for  LIRIs  and  caution 
should  be  exercised  in  their  use.®®  Clearly,  more  effective  therapeutic  regimens  need  to  be  evaluated 
based  on  well-designed  clinical  studies. 

2.2  Aspirin: 

The  acetylated  form  of  salicylic  acid,  aspirin,  is  the  most  widely  used  non-steroidal  anti¬ 
inflammatory  drug  (NSAID).  The  effectiveness  of  NSAlDs  are  largely  due  to  their  ability  to  inhibit  the 
synthesis  and  release  of  prostaglandins  by  limiting  the  production  of  the  cyclooxygenase,  prostaglandin 
H  synthase.**®  Non-acetylated  forms  of  the  salicylates  do  not  interfere  with  the  prostaglandin  synthesis 
pathway. Evidence  for  salicylate  inhibition  of  endotoxin-induced  tissue  factor  gene  transcription  via 
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NF-kB  has  also  been  described'*^  and  more  recently,  Cheng,  et  al'*®  described  a  new  hypothesis  for 
salicylate  action  which  involves  redox  deactivation  of  iron.  If  confirmed,  this  mechanism  of  action 
would  be  significant  in  limiting  lipid  peroxidation  events.  Surprisingly,  NSAIDs  have  not  been  widely 
prescribed  for  the  treatment  of  acute  or  early  stage  laser-induced  retinal  injury. 

2.4.  Surgery; 

Surgical  procedures  may  be  required  to  treat  some  LIRIs  because  of  the  development  of 
secondary  complications  that  threaten  previously  uninjured  retina.  Procedures  usually  involve 
vitrectomies  or  excisions  to  remove  proliferating  membranes,  blood  vessels,  and  scars.  In  addition,  if 
secondary  events  lead  to  detachment,  retinal  reattachment  surgery  may  be  required.  Custis  et  aP’ 
recently  performed  one  of  the  first  documented  surgical  procedures  to  treat  a  late  stage  complication 
after  LIRI  by  successfully  alleviating  traction;  however,  hole  expansion  was  not  curtailed. 

One  surgical  treatment  that  may  have  potential  is  posterior  hyaloid  interface  detachment 
surgery.  It  is  believed  that  if  the  posterior  hyaloid  membrane  is  removed  relatively  early  over  a 
severe  injury  site,  the  scaffold  for  scar  proliferation  into  the  vitreous  and  subsequently  traction  is 
eliminated.  More  studies  regarding  this  type  of  approach  are  still  needed. 

3.0  Review  of  Experimental  treatments  for  laser  injury 

The  list  of  potential  experimental  therapeutics  is  too  extensive  and  beyond  the  scope  of  this 
discussion  but  of  some  of  the  more  promising  therapy  approaches  for  the  treatment  of  laser  retinal 
trauma  are  discussed  below.  Some  of  the  treatment  approaches  used  in  ameliorating  light  injury  may 
also  have  application  in  treatment  of  mild  to  moderate  laser  retinal  injury.®'*  Drugs  approved  by  the 
FDA  are  of  more  likelihood  for  immediate  use  while  more  experimental  approaches  will  necessitate 
appropriate  evaluations  before  human  use  approval. 

Work  in  experimental  treatment  of  LIRIs  is  presented  in  Table  III.  It  is  clear  from  the 
literature  that  few  studies  have  been  undertaken  to  carefully  document  appropriate  therapeutics  for 
treatment  of  laser  retinal  injury.  Most  studies  have  involved  too  few  animals  and  analysis  has  been 
conducted  on  too  few  lesions.  The  list  of  past  work  on  treatments  indicates  that  none  of  the  studies  to  date 
have  provided  conclusive  evidence  that  GC  therapy  for  laser  injury  is  beneficial.  Some  studies  have 
indicated  positive  results  with  dexamethasone  (DXM)  and  triamcinolone  to  prevent  subretinal 
neovascular  membranes®"*  while  DXM  in  lower  doses,  first  decreased  then  increased  PGE2  levels  by  up 
to  3  fold.®®  Lam  et  al"*®  showed  that  MP  was  effective  if  used  as  a  pretreatment  then  extended  with  lower 
doses  up  to  24  h;  however,  use  up  to  8  h,  which  is  the  recommended  treatment  window  (as 
recommended  by  the  NASCIS-II  study)®®,  was  deemed  ineffective.  Rosner  et  al®®  also  showed  that  a  high 
dose  of  MP  in  rats  rescued  photoreceptors  after  LIRI.  In  rabbits,  high  dose  MP  pretreatment  was 
deemed  harmful  by  3  h  after  injury  as  determined  by  increased  lesion  sizes  and  increased  PMN 
infiltration.®^  Currently,  few  clear  cut  therapeutics  or  regimens  can  be  recommended  based  on  results 
from  the  experimental  literature  but  progress  is  being  made  in  understanding  key  factors  of  acute 
injury.  Recent  work  indicates  that  treatment  of  acute  inflammatory  reactions  in  moderate  to  severe 
lesions  must  be  rapid  and  appropriately  targeted.®^ 

3.1  Hemorrhages 

Choroidal,  sub-  and  intraretinal,  and  vitreous  hemorrhages  or  hematomas  create  problems 
because  of  the  deleterious  effects  of  trapped  blood  and  the  potentiation  of  ischemia  and  lipid 
peroxidation  by  blood  breakdown  products.  Free  reactive  iron,  which  may  be  released  from  the 
cytosol  or  from  hemorrhage  breakdown  products,  is  a  catalyst  for  oxygen  free  radicals.®®  One  of  the 
first  attempts  to  address  the  issue  of  blood  clearance  from  the  vitreous  after  LIRI  was  with  urokinase, 
unfortunately,  this  procedure  was  deemed  unsuccessful,  but  vitreous  fibrosis  was  curtailed.®® 

Other  forms  of  early  surgical  Intervention  for  LIRI  includes  repair  of  vision  threatening 
retinal  detachments  and  the  extraction  of  trapped  hemorrhages  from  critical  areas. 
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Table  III.  Review  of  Experimental  Treatments  for  Laser-Ocular  Injury 


Reference 

Treatment 

Therapeutic 

Endpoint 

Result 

1.  Belkin  et  al  1983^^ 

Urokinase 

Vlt  Hem  clearance 

(-) 

Rabbit 

Vit.  fibrosis 

(+) 

2.  ishibashi  et  al  1985^"^ 

DXM(480pg/24h/14d) 

SRN 

(+) 

Monkey 

DXM  +  TRCL(lmg) 

SRN 

(+) 

3.  Deaton  et  al  1990“"^ 

Hyperthermia/hsp70 

Lesion  size 

(+) 

Goldfish 

4.  Naveh  et  a!  1990^^ 

DXM  (0.5mg/kg) 

PGE2  levels  @7d 

(+) 

Rabbit 

“  @  14d 

(-) 

5.  Lam  et  al  1992"*^ 

MP  (pre  24h  +  24h) 

Rescue  RPE  and  Photo 

(+) 

Monkey 

MP  +  24h 

“ 

(+) 

MP  +  8  h 

(30mg/kg“5.4  mg/hr) 

(-) 

6.  Toth  et  al  1993'^ 

tPA 

Subret  Hem.  lysis/removal 

(+) 

Cat  (Mech.  Hem) 

7.  Schuschereba  et  al  1994®^ 

bFGF 

Rescue  Photo. 

(+) 

Rabbit 

BRB  repair 

{+) 

8.  Custis  et  al  1996^^ 

ERM  surgery 

Hole  enlargement 

(-) 

Human 

ERM  traction 

{+) 

9.  Rosner  et  a!  1996^® 

MP 

Rescue  Photo. 

(+) 

Rat 

10.  Solberg  et  al  1996®" 

Rat- 

MK  801  (3mg/kg) 

(NMDA  chan,  blocker) 

Rescue  Photo 

(+) 

11.  Schuschereba  et  al  1996®^ 

HES-DFO  (100  mg/kg) 

PMN  #s  @  3  h 

(+) 

Rabbit 

MP(30mg/kg) 

it  a 

(-) 

n-saline 

a  ti 

(-) 

HES-DFO  (100  mg/kg) 

Lesion  size 

(+) 

MP(30mg/kg) 

U  (t 

(-) 

n-saline 

It  u 

(-) 

DXM  =  dexamethasone,  MP=  methylprenisolone,  bFGF  =  basic  fibroblast  growth  factor,  tPA  =  tissue 
plaminogen  activator,  HES-DFO  =  hyroxyethyl  starch-deferoxamine,  ERM  =  epiretinal  membrane,  PMN  = 
polymorphonuclear  leukocyte,  TRCL  =  triamcinolone,  and  BRB  =  blood-retinal  barrier.  Plus  and  minus 
indications  in  result  column  represent  effect  on  the  endpoint. 
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Procedures  utilizing  tissue-type  plasminogen  activator  (tPA)  to  induce  fibrinolysis  and  dissolution  of 
mechanically  created  subretinal  clots  were  successful  but  such  procedures  have  not  been  evaluated  in 
experimental  LIRIs.'*®  Recently,  Thach  et  al^°  reported  that  macular  holes  and  subretinal 
hemorrhages,  which  were  left  untreated  either  by  drugs  or  surgery,  showed,  in  most  cases,  not  to 
significantly  degenerate  and  that  visual  acuity  also  improved  slightly  over  a  time  course  of  13  months. 
In  situations  of  confined  hemorrhage,  secondary  damage  processes  run  their  full  course  but  ideally, 
therapeutic  benefit  should  be  realized  if  secondary  damage  processes  are  appropriately  limited.  A 
developing  body  of  literature  suggests  that  free  hemoglobin  and  iron  in  the  CNS,  including  the  retina, 
participates  in  destructive  lipid  peroxidation  events. Removing  blood'*®  or  chelating  reactive 
free  iron  has  been  shown  to  ameliorate  early  stage  CNS  injury.®®®^ 

3.2  Ischemia/Reperfusion 

Ischemic  retinal  damage  associated  with  laser  injury  may  be  one  of  the  most  important 
mechanisms  underlying  secondary  damage  associated  with  severe  injury.  Ischemic  retinal  damage  may 
be  a  key  factor  in  expanding  the  size  of  the  primary  injury.  This  damage  may  occur  by  occlusion  of 
both  choroidal  and  retinal  vessels,  and  by  the  presence  of  a  focal  and  large  mass  of  dead  retinal  tissue, 
which  rapidly  contributes  to  limiting  oxygen  and  glucose  transport  to  marginally  injured  and  adjacent 
uninjured  cells.  The  injury  site  itself  may  contribute  to  a  global  decline  in  retinal  metabolic  rate  and 
oxygen  usage.  Upon  restoration  of  blood  flow  in  occluded  or  constricted  vessels,  oxygen  free  radicals 
are  generated  and  participate  in  lipid  peroxidation. 

3.3  Growth  factors 

The  potential  for  neuronal  and  nonneuronal  cells  to  recover  after  traumatic  injury  seems  to  be 
dependent  both  on  the  postraumatic  ionic/neurotransmitter  environment  and  on  the  presence  of 
neurotrophic  substances  such  as  growth  factors.  Growth  factors  support  neuronal  survival,  induce 
sprouting  of  neurites,  and  facilitate  the  guidance  of  neurites  to  their  proper  synaptic  targets. 
Primary  stage  retinal  trauma  can  be  considered  to  initiate  both  cellular  and  genomic  responses  that 
can  lead  to  programmed  cell  death,  similar  to  what  is  observed  in  traumatic  brain  injury®®  and  trophic 
factors  may  prevent  part  of  this  injury.®'  The  best  characterized  neurotrophic  factors  include  nerve 
growth  factor  (NGF),  basic  fibroblast  growth  factor  (bFGF),  brain-derived  neurotrophic  factor 
(BNDF),  glial  derived  neuroptrophic  factor  (GDNF),  and  neurotrophin-3  (NT-3).  Several  studies 
have  suggested  that  neurotrophic  factors  are  synthesized  or  released  after  traumatic  CNS  injury, 
perhaps  to  facilitate  repair  and  to  stimulate  posttraumatic  regeneration.®®  In  contrast  to  earlier 
beliefs,  the  macrophage  in  retinal  wound  healing  has  recently  been  shown  not  to  produce  bFGF,  unless 
specifically  activated.®®  ®'* 

Basic  fibroblast  growth  factor  (bFGF)  has  been  described  as  a  multi-functional  growth  factor 
that  has  been  implicated  in  a  number  of  proliferative,  regenerative,  and  survival  related  events  in  the 
central  nervous  system.®®  Endogenous  bFGF  levels  increased  at  sites  of  focal  brain  injury®®  and  retinal 
injury®^,  suggesting  regulatory  roles  in  repair.  Exogenous  delivery  of  bFGF  has  been  shown  to  aid 
injury-related  events  and  to  promote  neuron  survival  in  the  retina.®®  ®®  Basic  FGF  has  been  shown  to 
prevent  photoreceptor  cell  degeneration  in  light-damaged  retinas®®  ’^'  and  was  also  shown  to  accelerate 
BRB  repair  and  to  rescue  photoreceptors  after  argon  laser  injury.®® 

Transforming  growth  factor  (TGF)  -beta  2,  produced  by  a  variety  of  cells,  has  been 
documented  to  inhibit  the  growth  of  many  cell  types  and  to  stimulate  the  formation  of  extracellular 
matrix  and  collagen  synthesis.''®  Glaser  et  aF®  has  shown  a  therapeutic  benefit  in  repairing  idiopathic 
macular  holes  but  TGF  has  not  been  utilized  to  repair  laser-induced  retinal  holes. 

3.4  Cytokines 

Because  the  BRB  is  open  after  laser  retinal  injury,  often  for  extended  periods,  it  is  possible 
that  entry  of  blood-borne  constituents  in  injured  retina  may  be  neurotoxic.  Acute  PMN  entry  has  been 


182 


observed  within  24  h  of  brain  injury  and  correlates  directly  with  the  development  of  postraumatic 
cerebral  edema  in  rats/"*  Macrophages  have  been  shown  to  play  a  major  role  in  wound  healing  after 
penetrating  brain  injury^®  and  many  of  these  immunocompetent  cells  release  soluble  factors, 
including  cytokines  that  are  known  to  widely  influence  posttraumantic  neuronal  survival  and  outcome. 
Taupin  et  aP®  have  shown  that  IL-1,  IL-6,  and  TNF  alpha  are  upregulated  after  brain  injury  and 
suggest  that  these  cytokines  may  play  a  role  in  the  pathophysiologic  cascade  after  trauma.  Recent  work 
in  a  time  course  RT-PCR  study  involving  a  mouse  model  of  LIRI,  also  showed  upregulation  of  mRNA  for 
IL-1  a,  iNOS,  and  G3PDH  and  changes  in  a  variety  of  other  cytokines.®® 

Monoclonal  antibodies  directed  against  specific  antigens  represent  a  unique  approach  in  the 
blockade  of  certain  molecules.  Monoclonal  antibodies  against  TNF-alpha,  lL-1,  IL-6,  IL-S;  and  the 
adhesion  molecules  GDI  1/CD18  have  shown  promise  as  therapeutics.^^ 

Interleukin  8  is  recognized  as  a  potent  neutrophil  activator.  It  is  secreted  by  several  cell  types 
such  as  monocytes,  macrophages,  endothelial  cells,  epithelial  cells,  and  fibroblasts.^®  In  fact,  elevated 
levels  of  IL-8  in  the  airspaces  of  patients  with  adult  respiratory  distress  syndrome  (ARDS)  have  been 
associated  with  increased  mortality.  Kurdowska  et  aP®  demonstrated  the  pharmacological  potential  of 
monoclonal  antibodies  directed  against  IL-8  which  interfered  with  such  events  as  IL-8  binding  to 
PMNs,  PMN  degranulation,  and  PMN  chemotactic  activity. 


3.5  NMDA  antagonists 

The  release  of  excitatory  amino  acid  (EAA)  neurotransmitters  such  as  glutamate,  glycine,  and 
aspartate  activate  a  number  of  neuronal  receptors  and  cause  increased  electrical  activation  of  neuronal 
cells.  Such  activity  usually  results  in  cell  swelling,  vacuolization,  and  neuronal  cell  death.  OIney  et 
aF®  proposed  the  concept  of  excitotoxicity  where  overexcitation  resulted  in  eventual  cell  death.  When 
EAAs  are  released  and  activate  receptors,  there  is  an  increased  influx  of  sodium  and  calcium  ions  into 
the  cell  through  specific  membrane  channels.  Cell  death  has  been  proposed  to  occur  through  at  least  two 
mechanisms:  1)  an  influx  of  chloride  and  sodium  leads  to  acute  neuronal  swelling  and  2)  the  influx  of 
calcium  leads  to  delayed  damage.®®  EAAs  are  also  thought  to  be  liberated  during  ischemia  and  hypoxia. 
Faden  et  al®’  showed  that  experimental  CNS  trauma  induces  an  immediate  and  profound  increase  in 
extracellular  EAAs.  It  is  believed  that  laser-induced  retinal  injury  also  involves  an  excitotoxic 
component  that  actively  destroys  populations  of  neurons  and  contributes  to  diffuse  posttraumatic  lesion 
expansion.  Pharmacologic  antagonists  of  the  N-methyl  D  Aspartate  (NMDA)  receptor,  which  mediate 
ionic  channels,  appear  to  have  therapeutic  benefit.  One  of  these  compounds,  MK-801,  has  been  shown 
to  have  some  benefit  but  it  is  also  highly  toxic.  Reports  on  the  use  of  competitive  NMDA  antagonists 
such  as  CGS-19755  have  shown  that  it  is  well  tolerated  by  brain-injured  patients  and  indicates  a 
promise  for  treatment  of  retinal  injury®’.  Solberg  et  al®®  recently  demonstrated  that  MK-801  has  a 
therapeutic  benefit  after  LIRI  in  rats. 

3.6  Arachidonic  acid  cascade 

Elevations  in  intracellular  calcium  will  facilitate  an  attack  on  the  cell  membrane  by  calcium- 
activated  proteases  and  lipases  and  produces  a  variety  of  pathogenic  compounds  from  a  breakdown  of 
endogenous  intracellular  fatty  acids  such  as  arachidonic  acid  (AA).  Activated  phospholipase  A2, 
lipoxygenase  and  cycloxygenase  are  known  to  degrade  AA  into  the  ecosanoid  metabolites  thromboxane 
A2,  prostaglandins,  and  leukotrienes. 

Platelet  activating  factor  (PAF)  is  also  produced  by  the  AA  pathway.  This  factor  is  a  potent 
platelet  agonist  and  activator  of  neutrophils  and  monocytes.  It  is  produced  by  a  variety  of  stimulated 
inflammatory  cells  including  the  neutrophils,  basophils,  monocytes,  platelets,  mast  cells,  and 
eosinophils.®®  It  is  also  produced  by  other  cells  such  as  vascular  endothelium  and  neurons  when 
membranes  are  damaged  or  when  inflammation,  cell  stimulation,  or  injury  activates  phospholipase 
A2®‘'  Neuronally  released  PAF  can  produce  BRB  permeability  and  vasoconstriction.®®  Faden  et  al®’ 
showed  that  PAF  can  be  upregulated  as  early  as  5  minutes  after  brain  injury.  Platelet  activating  factor 


183 


has  also  been  associated  with  increasing  intracellular  free  calcium  levels  in  cultured  neurons, 
suggesting  that  it  may  play  an  important  role  in  posttraumatic  calcium-mediated  cell  death  and  perhaps 
apoptosis.  One  hour  after  PAF  injection,  platelet  aggregates  have  been  observed  in  the  lumens  of  retinal 
blood  vessels  and  by  2  h  numerous  PMNs  were  seen  within  the  vascular  walls,  demonstrating  increased 
vascular  permeability  and  BRB  breakdown.®® 

Use  of  PAF  antagonists  was  shown  to  block  most  of  the  fluorescein  leakage  attributed  to 
migrating  PMNs.  PMNs  were  observed  to  enter  retinal  tissue  about  2-4  hr  after  injection.®®  Frerichs 
et  al®^  showed  that  by  pretreatment  with  a  selective  PAF  antagonist,  nearly  all  of  the  brain  edema 
following  a  Nd:YAG  laser  injury  in  the  rat  was  prevented.  In  addition,  PAF  acetylhydrolase  which 
breaks  down  PAF  was  suggested  to  have  therapeutic  potential.®''  In  our  laboratory  the  use  of  the  PAF 
antagonist,  BN52021,  actually  promoted  leuckocytosis  within  moderate  to  severe  LIRI  zones. 

From  the  forgoing  discussion,  the  inhibition  of  neutrophil  chemotaxis,  adhesion,  and  migration 
via  PAF  antagonism  are  probably  important  strategies  for  augmenting  wound  healing  in  laser-injured 
retina.  Better  models  and  therapeutics  are  still  needed  to  confirm  this  strategy. 

3.7  Ion  changes 

Calcium:  Subarchinoid  hemorrhage  and  cerebral  ischemia  have  been  known  to  produce  calcium 
ion  changes  which  have  been  reported  to  underlie  delayed  cell  death.  Shapira  et  al®®  have  demonstrated 
that  total  brain  tissue  calcium  concentrations  were  found  to  be  significantly  elevated  in  injured  areas. 
Significant  calcium  accumulation  has  also  been  observed  in  peripheral  populations  of  laser-injured 
photoreceptors  (unpublished  observations). 

Schurr  et  al®®  demonstrated  that  diltiazem,  a  L-type  calcium  channel  blocker  and  MK  801,  a 
noncompetitive  N-methyl-D-aspartate  (NMDA)  receptor  antagonist,  which  functions  via  calcium 
channel  blocking,  provided  a  synergistic  neuroprotective  effect  against  hypoxic  CNS  damage.  This 
regimen  may  be  useful  in  treatment  of  laser-induced  retinal  trauma. 

Magnesium:  Magnesium  is  involved  in  several  critical  cellular  processes,  including  glycolysis 
and  oxidative  phosphorylation,  cellular  respiration,  and  synthesis  of  DNA,  RNA  and  protein.  It  also 
plays  an  essential  role  in  maintaining  mitochondrial  and  plasma  membrane  integrity.  Reduced 
cytosolic  free  magnesium  can  impair  glucose  utilization,  energy  metabolism,  and  protein  synthesis, 
and  can  reduce  both  oxidative  and  substrate  level  phosphorylation,  thereby,  contributing  to  regional 
cell  death  after  LIRI.®°  Alterations  in  intracellular  magnesium  could  potentially  contribute  to 
posttraumatic  calcium-mediated  neurotoxicity  or  the  regulation  of  regional  posttraumatic  retinal  and 
choroidal  blood  flow. 

3.8  Heat  shock  protein  induction 

When  cells  undergo  rapid  increases  in  temperature  sufficient  to  induce  stress  (i.e.  heat  shock) 
but  not  cell  death,  the  synthesis  of  most  cell  proteins  decreases  for  several  hours.  A  few  select 
proteins,  though,  are  synthesized  more  rapidly  than  under  normal  conditions.®'  These  polypeptides  are 
known  as  heat  shock  proteins  (hsps).  Increases  in  lisp  synthesis  characterize  the  heat-shock  response. 
When  intracellular  concentrations  of  hsps  are  increased  they  are  thought  to  provide  protective 
functions  against  many  noxious  stimuli®®  and  can  protect  against  the  effects  of  incoherent  white  iight  on 
rat  photoreceptors.®®  Deaton  et  al®''  demonstrated  that  elevation  of  hsps  in  goldfish  provided  a 
protective  effect  against  laser-induced  photoreceptor  damage. 

4.0.  Discussion/Conclusions 

Important  interrelationships  exist  between  the  photo-mechanical  and  photocoagulative  factors 
underlying  LIRI,  the  secondary  or  delayed  neurochemical  responses  to  trauma,  the  remodeling 
ramifications,  and  the  histologic  and  funduscopy  damage  that  occurs.  In  pursuit  of  understanding  the 
molecular  and  cellular  sequelae  of  LIRI,  it  is  becoming  apparent  that  many  different  or  distinct  types 
of  molecular  and  cellular  events  are  involved  in  mediating  the  posttraumatic  pathophysiologic  cascade 
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that  results  in  secondary  and  tertiary  or  remodeling  damage  in  the  retina.  It  may  be  beneficial  for 
future  work  to  examine  the  timing  of  this  cascade  with  regard  to  specific  cellular  and  molecular  events 
as  they  relate  to  the  initial  injury  event  and  to  the  development  of  reproducible  histologic  change, 
delayed  cellular  death,  and  neuronal  and  visual  dysfunction.  The  characterization  of  the 
interrelationships  between  these  diverse  secondary  injury  factors  and  the  specific  primary  damage 
factors  may  provide  insight  into  the  timing  and  use  of  appropriate  therapeutic  modalities  for 
treatment  of  LIRI. 

Furthermore,  it  is  clear  that  adequate  therapies  for  injury  are  unavailable  and  that  many  cases 
are  complicated  by  not  being  treated  appropriately  and  quickly  enough.  Most  accidental  laser  injuries 
to  the  retina  involve  the  fovea  and  a  majority  result  in  further  and  permanent  reduction  of  vision. 
Histology  data  from  experimental  human  laser  retinal  injury  indicate  that  targeting  inflammatory 
responses  during  the  early  stage  of  injury  would  probably  be  beneficial.  In  fact,  it  would  be  reasonable 
to  suggest  that  severe  laser  retinal  injuries  receive  acute  treatment  considerations  similar  to  spinal 
cord  injury  and  head  trauma  cases.  Late  stage  injuries  often  involve  extensive  scarring  with 
previously  uninjured  retina,  which  contributes  to  further  vision  degradation.  If  retinal  holes  persist 
for  more  than  several  weeks  after  laser  injury,  then  hole  closure  must  be  a  top  priority  to  limit 
further  vision  losses.  Retinal  holes  should  be  aggressively  managed  for  closure  during  the  early  stages 
of  injury  because  later  stage  surgical  management  may  be  less  effective.  Collectively,  data  suggest  that 
early  stage  treatments  should  target  aspects  of  neurodegeneration,  inflammation,  and  scarring. 

In  conclusion,  it  is  clear  that  a  need  exists  for  standardized  reporting  of  injuries  and 
treatments.  Furthermore,  more  definitive  experimental  studies  regarding  treatment  are  needed. 
Treatment  of  laser-induced  retinal  injuries  should  begin  as  soon  as  possible,  preferably  within  the 
first  hour  of  injury.  Some  key  targets  for  early  phase  treatment  are;  sparing  of  neural  elements, 
reducing  edema,  and  preventing  neutrophil  entry  and  damage.  By  several  hours  after  injury,  key 
aspects  for  later  stage  treatment  are  minimizing:  retinal  holes,  scarring,  and  epiretinal  membrane 
formation.  Lastly,  the  use  of  glucocorticoids  to  treat  LIRIs  needs  to  be  carefully  evaluated. 

5.  Disclaimer 

In  conducting  the  research  described  in  this  report,  the  investigators  adhered  to  the  “Guide  for  the 
Care  and  Use  of  Laboratory  Animals,  “  as  promulgated  by  the  Committee  on  Revision  of  the  Guide  for 
Laboratory  Animal  Facilities  and  Care,  Institute  of  Laboratory  Animal  Resources,  National  Academy  of 
Sciences-  National  Research  Council. 

The  opinions  or  assertions  contained  herein  are  the  private  views  of  the  authors  and  not  to  be  construed 
as  official  or  as  reflecting  the  views  of  the  Department  of  the  Army  or  the  Department  of  Defense. 

Citation  of  trade  names  in  this  report  does  not  constitute  an  official  endorsement  or  approval  of  the  use 
of  such  items. 

Human  volunteers  participated  in  these  studies  after  giving  their  free  and  informed  voluntary  consent. 
Investigators  adhered  to  AR  70-25  and  USAMRMC  Regulation  50-25  on  the  use  of  volunteers  in  research. 
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The  Shalon  Ballistic.  Sun.  Wind.  Dust  and  Laser  Goggles 
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Tel  Hashomer  52621,  Israel 

ABSTRACT 

We  designed,  manufactured  and  field-tested  new  combat  protection  goggles 
which  endow  their  users  with  optimal  protection  against  ballistic  injuries  as  well  as 
against  dust,  sand  and  wind.  A  laser  protection  filter  can  be  snapped  on  the  ballistic 
goggles.  Filters  can  be  provided  for  any  required  wavelength. 

The  goggles  are  of  a  warp-around  shape  ensuring  peripheral  as  well  as  frontal 
protection.  It  is  “one  size  fit  all”  design  with  the  least  possible  clearance  between  eye 
and  lens  so  as  to  cause  minimal  interference  with  the  use  of  optical  equipment  such  as 
binoculars.  There  is  an  integral  insert  for  prescription  lenses  inside  the  goggles.  The 
head  bands  are  self  locking  and  putting  the  goggles  on  and  off  with  or  without  a 
helmet  on  is  easy. 


Key  words:  eye  protection,  laser  protection,  eye  injuries,  combat, 
polycarbonate,  visual  fields,  goggles. 


This  item  of  protective  equipment  attempts  to  overcome  optimally  the 
deficiencies  noted  in  all  the  old  type  of  ballistic  goggles,  as  well  as  to  provide  the 
possibility  of  laser  protection. 

The  Shalon  goggles  are  based  on  the  design  concept  of  a  basic  platform  that 
provides  ballistic,  dust,  sand  and  wind  protection.  The  primary  eyepiece  is  made  of  4 
mm  thick  polycarbonate  that  can  prevent  almost  all  relevant  ballistic  eye  injuries.  Its 
V50  is  over  1200  feet/sec  when  tested  with  a  2  grain  projectile.  The  eyepiece  will  stop 


SPIEVol.  2974  •  0277-786X/97/$10.00 


189 


all  shrapnel-type  missile  of  any  size.  The  potential  injurious  agents  which  are  not  likely 
to  be  stopped  completely  are  rifle  and  other  high-velocity  bullets. 

The  polycarbonate  eyepiece  is  a  spherical  injection  molded  lens  which  meets  exact 
optical  specification.  The  mold  is  so  designed  that  the  eyepiece  induces  negligible 
parallax  in  any  direction  of  gaze.  The  optical  power  at  any  point  on  the  lens  is  less  than 
0.1 25D,  the  horizontal  prism  imbalance  is  less  then  0.1 8D  base-in,  both  in  horizontal 
and  vertical  meridians  and  less  than  0.75D  base-out  in  the  horizontal  meridian.  The 
astigmatism  is  less  than  0.0825D  and  there  is  no  visible  distortion.  The  same  optical 
specification  apply  to  the  various  filters  that  can  be  attached  to  the  goggles.  The  visible 
light  transmission  of  the  goggles,  integrated  between  380  and  740  nm,  is  over  85%. 
There  is  less  than  1%  UV  transmission  (between  280  and  380  nm)  and  then  is  no  more 
than  2%  haze.  The  polycarbonate  lenses  are  hard-coated  to  prevent  scratching. 

The  lens  is  incorporate  in  a  frame  made  of  two  elements  -  a  rigid  plastic  frame  with 
flexible  lateral  ends  with  the  strap  retainers  and  a  pliable  elastormere  fi-ame  with 
corrugate  temporal  zones  to  fit  different  facial  sizes  and  contours.  This  design  enables 
the  goggles  to  be  “one  size  fit  all”  as  well  as  comfortable.  The  lens  and  frame  are  of  a 
“warp  around”  design  ensuring  both  frontal  and  peripheral  protection.  The  design  also 
ensures  perfect  dust  protection  even  under  the  most  inclement  conditions. 

Another  feature  of  the  eyepiece  -  frame  ensemble  is  the  lack  of  limitation  of  the 
normal  visual  field.  The  constriction  of  the  visual  filed  by  older  goggles  is  one  of  the 
main  causes  of  their  inacceptance.  The  Shalon  goggles  were  tested  extensively  on  the 
Esterman  program  of  the  Humphrey  field  analyzer  and  found  not  to  inpede  the  visual 
field  in  the  primary  direction  of  gaze  and  minimally  in  the  secondary  directions. 

The  goggles  are  designed  with  a  minimal  vertex  distance  between  the  apex  of 
the  cornea  and  the  eyepiece.  This  feature  enables  the  use  of  optical  instruments  such  as 
binoculars  with  the  goggles  in  place  protecting  the  eyes.  The  interference  of 
old-fashion  goggles  with  the  visual  field  of  optical  equipment  was  one  of  the  chief 
causes  of  their  inacceptance. 

The  Shalon  goggles  are  well  ventilated  by  ports  with  a  labyrinth  design  within 
the  plastic  frame.  Thus  adequate  ventilation  is  provided  with  no  dust  penetration 
without  the  use  of  maintenance-requiring  dust  filters.  Another  cause  of  non-use  by  the 


customers’  was  fogging  inside  the  goggles.  This  is  overcome  by  the  inside  surface  of 
the  eyepiece  being  coated  with  antifogging  material. 

For  ametropes  there  is  a  specially  designed  prescription  lens  holder  behind  the 
eyepiece  with  attachment  to  the  nose  bridge.  Even  with  high  minus  lenses  no  optical 
aberrations  over  0.25D  are  engendered. 

The  retaining  straps  were  also  designed  to  afford  the  user  with  optimal 
flexibility  and  convenience  of  use.  There  is  both  a  headband  suspension  to  be  used 
under  the  helmet  and  an  over-the-helmet  strap.  Both  systems  allow  the  soldier  to 
remove  and  re- wear  the  goggles  easily  and  freely  while  using  any  type  of  helmet. 

Laser  Protection 


The  laser  protection  problem  is  solved  by  adding  means  for  attaching  a  frontsert  laser 
filter.  The  goggles  have  a  socket  which  accepts  the  appropriate  secondary  frontsert 
filter  which  has  an  attachment  prong  that  snaps  into  the  socket.  The  attachment  and 
removal  of  the  fomtsert  filter  can  be  easily  and  rapidly  performed  by  the  soldier  in  the 
filed.  The  line  of  contact  between  the  main  eyepiece  and  the  frontesert  is  dust-proof 
This  arrangement  makes  it  possible  to  provide  the  soldier  with  any  number  of  laser 
protective  filters  to  protect  against  laser  radiation  in  any  part  of  the  spectrum. 

The  overall  laser  protection  concept  is  similar  in  principle  to  the 
chemical/biological  warfare  protection  practices,  i.e.  the  protection  is  used  only  when 
indicated,  so  as  not  to  interfere  with  the  soldier’s  combat  duties  when  not  threatened 
by  laser  irradiation.  It  must  be  remembered  that  all  laser  filters  blocking  part  of  the 
visible  spectrum  interfere  considerably  with  soldiers’  vision  especially  at  twilight  and 
dawn. 

Any  configuration  of  laser  protection  can  be  provided  according  to  expected 
laser  usage  on  the  battlefield.  All  filters  conform  to  the  same  standards  as  the  primary 
lens. 

A  sunshield  filter  can  be  attached  in  front  of  the  polycarbonate  eyepiece  instead 
of  the  laser  filter.  The  goggles  underwent  rigorous  field  testing  in  armored  and  infantry 
units  and  were  found  to  serve  very  satisfactory  with  almost  complete  troop  acceptance. 
They  are  now  the  regular  combat  eye  protection  of  the  Israeli  military. 
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ABSTRACT 

In  preparation  for  photodynamic  therapy  (PDT)  clinical  trials,  a  research  class  IV  argon  ion- 
pumped  dye  laser  (Coherent  Iimova  90/CR-599)  was  modified  to  allow  delivery  of  laser  radiation 
from  the  Laser  Biology  Research  Laboratory  (LBRL)  to  a  surgical  operating  room  (OR)  located 
one  floor  below  and  over  50  meters  away.  Optical  fibers  and  coaxial  cable,  protected  by  flame 
retardant  conduit,  were  fed  from  the  LBRL  to  the  OR.  A  remote  control  box  was  constructed  to 
allow  physician  control  of  the  laser  output  from  the  OR.  A  Safety-Off  and  Output-Power 
Control  were  included  in  the  control  system.  Safety  issues  involved  calculations  of  maximum 
permissible  exposure  of  OR  staff  to  optical  radiation,  the  classification  of  the  laser  output  in  the 
OR  and  dealing  with  the  placement  of  relatively  high-flux  carrying  optical  fiber  placed  in  utility 
chases.  Operational  considerations  involved  the  calculation  and  measurement  of  optical 
transmission  losses,  the  procedure  for  relaying  operational  status  between  the  OR  and  laser 
facility  and  the  necessity  of  conducting  practice  runs  with  the  laser  and  OR  staff. 


Keywords:  photodynamic  therapy,  laser  safety,  eye  safety,  threshold  limit  value  (TLV) 


1.  INTRODUCTION 

Photodynamic  therapy  involves  the  prolonged  exposure  of  a  patient’s  visceral  lumina  or  skin 
surface  to  relatively  high  power,  generally  class  IV,  laser  irradiation.  This  necessarily  involves 
considerations  of  laser  safety',  particularly  eye  safety,  for  the  patient  and  clinic  staff.  These 
safety  issues  overlap  operational  considerations  in  cases  where  the  PDT  treatment  facility  is 
separate  from  the  laser  facility. 

For  some  medical  facilities,  particularly  research  facilities  where  many  different  types  of 
treatment  are  being  tested,  or  where  lasers  have  been  purchased  for  research  work  that  must  make 
a  transition  to  clinical  trials,  it  may  not  be  possible  to  have  a  dedicated  PDT  laser  within  the 
treatment  room.  In  such  cases  it  is  typical  to  try  to  make  a  research  laser,  located  in  a  remote 
laboratory,  act  as  the  light  source  for  PDT.  This  raises  control  and  communication  issues  as  well 
as  coordinated  safety  issues  for  two  different  sites. 
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One  advantage  that  accrues  to  such  an  arrangement  is  that  the  electrical,  mechanical,  plumbing 
issues  can  be  kept  away  from  the  patient  treatment  room  and  handled  essentially  as  they  are  in 
any  laboratory  facility.  The  main  safety  issues  revolve  around  the  transmission  of  class  fV  laser 
light  through  utility  chases  of  a  patient  care  facility  and  the  delivery  of  class  fV  laser  light  into  a 
patient  care  room.  The  laser  eye  safety  within  the  laser  room  and  the  patient  treatment  room 
have  to  be  handled  as  a  simultaneous  event.  Control  of  the  laser  will  originate  within  the  laser 
room,  be  handed  over  to  the  clinician  at  some  point,  and  then  relinquished  back  to  the  laser  room 
after  the  procedure. 


2.  SYSTEM  OVERVIEW 

The  use  of  a  research  laser  for  clinical  purposes  allows  for  flexibility,  i.e.,  the  ability  to  do  a  wide 
variety  of  different  procedures,  but  research  lasers  are  typically  more  complicated  to  operate  and 
contain  more  optional  hardware  than  dedicated  clinical  lasers.  Scientific  lasers  generally  allow  for 
ease  of  access  to  optics  and  electronics  and  have  a  large  number  of  controls  for  output  power, 
wavelength  tuning,  modes  of  operation,  etc.  This  is  a  drawback  in  clinical  settings  where 
uimecessary  control  options  can  easily  lead  to  mistakes  and  confusion,  and  where  repeatability  is 
more  important  than  versatility.  Reliable  operation  of  a  scientific  laser  system  really  requires  a 
competent  laser  technician.  Even  experienced  laser  nurses  are  not  trained  to  work  in  a  mode 
where  they  do  extensive  manipulations  of  lasers.  Simpler,  clinical  lasers  are  available,  but  may 
not  provide  the  flexibility  that  running  several  different  research  protocols  require,  or  may  not  be 
available  at  the  outset  of  clinical  trails.  Additionally,  a  large  laser  system  will  typically  have  to 
be  in  a  fixed  position  owing  to  the  need  for  specialized  electrical  and  water  handling  requirements. 
This  is  the  situation  we  will  address  in  this  paper.  Figure  1)  shows  a  schematic  of  the  major 
components  of  a  separated  PDT  facility.  Functionally,  we  divide  the  overall  facility  into  a  laser 
facility,  a  treatment  facility,  and  the  interconnecting  utility  chase. 

Optical  fiber  permits  high-power  laser  light  to  be  transmitted  over  distances  of  up  to  100  meters 
or  so  from  one  site  to  many.  In  general,  it  is  not  a  good  idea  to  try  to  maintain  multiple  PDT 
treatment  rooms  if  patient  scheduling  can  at  all  be  accommodated  for  a  single  room.  Optical  fiber 
makes  it  deceptively  easy  to  deliver  laser  light  to  any  number  of  rooms,  but  in  practice  the  laser 
can  be  delivered  to  only  one  room  at  a  time  anyway.  Additionally,  each  laser  treatment  room  has 
to  be  equipped  with  all  of  the  appropriate  laser  warning  signs  and  door  interlocks  and  these  must 
be  coordinated  with  the  laser  personnel  who  need  to  be  able  to  activate  the  appropriate  room’s 
interlocks.  The  question  has  to  be  asked:  Is  the  facility  willing  to  maintain  duplicate  remote 
control  boxes,  duplicate  sets  of  laser  eyewear,  duplicate  power  meters  and  such?  If  not,  then 
there  really  is  no  point  in  equipping  more  than  one  treatment  room  per  laser  system. 

The  installation  of  a  PDT  facility  needs  to  be  under  the  guidance  of  an  institutional  laser  safety 
committee  that  includes:  1)  the  clinicians  and  nurses  who  will  to  advise  on  how  the  system  is  to 
be  used  by  the  staff  with  patients,  2)  the  laser  safety  officer  who  assumes  overall  responsibility 


for  the  safe  operation  of  the  laser,  and  3)  the  engineers  who  must  arrive  at  a  solution  for  meeting 
the  needs  of  the  others.  This  is  really  just  a  formal  way  of  emphasizing  that  the  users  and  safety 
people  need  to  concur  on  what  the  PDT  system  is  to  do  and  how  it  should  be  installed  and 
operated. 


3  SAFETY  ISSUES;  INSTALLATION 


3.1  Communication 

In  a  situation  where  the  laser  source  and  the  clinical  procedure  room  are  separate  there  is  a  need 
for  the  clinic  personnel  to  inform  the  laser  personnel  about;  1)  the  anticipated  procedure  start  and 
stop  times,  2)  the  approximate  power  settings  required,  3)  the  wavelength  required  (if  that  is  not 
standard),  4)  which  clinic  room  is  to  be  used  if  there  are  multiple  rooms  available,  and  5)  to 
inquire  about  problems  if  the  laser  output  changes  unexpectedly.  The  laser  personnel  need  to 
inform  the  clinic  personnel  when  the  laser  is  ready  (dye  systems  typically  have  to  be  cooled 
down  and  to  run  for  a  few  minutes  before  the  power  and  mode  structure  stabilize).  This 
situation  requires  that  the  clinic  procedure  room  and  laser  room  be  able  to  communicate  without 
interruption.  The  best  way  would  be  to  have  an  intercom  system  between  the  two  rooms,  or  an 
institution-approved  walkie-talkie.  A  phone  line  is  also  useful,  but  clinics  also  need  to  call  for 
orderlies,  drugs,  pathology  reports,  etc.,  so  a  continuously  open  telephone  line  is  not  practical. 


1% 


Also  not  practical  in  the  near  term  is  the  use  of  cellular  phones  since  these  have  been  shown  to 
cause  interruption  in  delicate  electronic  systems  such  as  those  used  in  clinics  and  operating 
rooms. 


3.2  Laser  control 

There  are  two  distinct  phases  in  the  clinical  use  of  a  remotely  located  laser:  the  preparatory  and 
the  therapeutic.  The  preparatory  phase  is  under  the  control  of  the  laser  operator  who  must 
assure  that  the  laser  system  is  operating  as  planned.  The  therapeutic  phase  is  under  the  control 
of  the  clinic  personnel  who  must  verify  the  power  output  and  stability  of  the  system  and  control 
the  laser  on/laser  off  function  into  the  clinic  room.  The  two  situations  call  for  communication  as 
discussed  above  and  require  the  ability  to  hand  over  control  of  the  laser  from  local  (the  laser 
room)  to  remote  (the  clinic).  A  remote  control  box,  as  shown  in  Fig.  1)  is  needed  to  permit  the 
clinician  to  control  the  laser.  Laser  personnel  must  be  available  to  give  laser  control  to  the 
clinician  and  take  back  control  when  the  clinician  is  finished  with  the  laser. 

No  physician  wants  to  depend  on  waiting  for  the  laser  operator  to  receive  a  message  to  de¬ 
activate  the  laser,  or  have  to  pull  the  fiber  from  the  patient  suddenly  in  order  to  terminate  a 
procedure  in  some  emergency.  This  means  that  dedicated  control  lines  will  have  to  be  run  from 
the  laser  to  each  clinic  room  and  the  appropriate  connections  verified  prior  to  treatment.  As 
mentioned  elsewhere,  these  control  lines  should  not  be  run  with,  or  in  intimate  contact  with  the 
optical  fiber  that  is  carrying  the  photodynamic  light.  One  can  run  50Q  coaxial  lines  for  laser 
systems  equipped  for  analog  remote  control,  or  shielded,  twisted-pair  for  digital  remote  control. 
In  both  cases,  pre-amplification  at  the  remote  end  or  regeneration  at  the  laser  end  may  be 
necessary  depending  on  the  distance  separating  the  two  rooms. 

PDT  procedures  typically  are  long  enough  that  a  foot  pedal  is  not  practical.  A  switch  with  a 
non-red  illuminated  “ON’”  indicator  will  normally  be  used  on  the  remote  control  box, 
remembering  that  red  indicators  will  not  be  readily  visible  to  anyone  wearing  eyewear  designed  to 
block  red  PDT  radiation.  The  switch,  and  an  “Emergency  Off’  button,  should  operate  some  fail¬ 
safe  device  on  the  laser  such  as  a  spring-loaded  shutter  as  illustrated  in  Fig.  1). 


3.3  Fire  protection  and  firewall  penetration. 

The  several  watts  of  power  required  for  PDT  contained  within  an  optical  fiber  is  capable  of 
causing  a  fire  should  the  fiber  break  unexpectedly.  For  example,  1  W  transmitted  in  a  600  |im 
diameter  fiber  yields  a  fluence  of  354  W/cm^  within  the  fiber.  Clinic  personnel  should  be  in  a 
position  to  identify  breaks  in  the  treatment  fiber  in  the  clinic  procedure  room,  and  the  laser 
operator  should  be  able  to  identify  breaks  that  occur  in  the  laser  room.  For  separated  systems  as 
illustrated  in  Fig.  1)  the  optical  fiber  will  have  been  pulled  between  the  two  rooms  creating  the 
possibility  of  a  fracture  in  the  optical  fiber  that  could,  with  use,  develop  into  an  actual  break. 
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Attention,  then,  needs  to  be  paid  to  the  rated  pull  strength  of  the  jacket  of  the  optical  fiber  before 
purchase.  After  installation,  an  optical  time  domain  reflectometer  (OTDR)  can  be  used  to 
identify  any  discontinuities  in  the  fiber’s  loss  profile.  Installing,  and  pulling  the  optical  fiber 
through  a  fire-resistant,  plenum-rated  raceway  or  “interduct  is  recommended  for  several  reasons; 
1)  on  the  off  chance  that  a  fracture  in  the  fiber  fails  and  turns  into  a  break,  the  interduct  will 
prevent  anything  in  the  vicinity  of  the  break  from  igniting,  2)  the  fiber  will  be  partially  protected 
from  fires  from  other  sources,  3)  a  fire-resistant  interduct  will  maintain  the  integrity  of  any  fire 
walls  that  inevitably  have  to  be  penetrated,  and  4)  perhaps  most  cogently,  the  fiber  will  be 
protected  from  damage  by  the  multitude  of  other  cables  and  conduits  that  are  always  being 
installed  and  removed  from  utility  chases. 

Since  one  purpose  of  the  interduct  is  to  prevent  a  sudden  failure  of  the  optical  fiber  from  causing 
any  additional  damage,  the  remote-control  lines  for  the  laser  should  be  run  external  to  the  fiber 
interduct.  This  has  the  effect  of  isolating  control  of  the  laser  from  problems  caused  by  the  laser. 


3.4  Eye  safety  issues. 

The  ANSI  ZI36. 3-1996  standard^  defines  a  continuous-wave  laser  emitting  in  the  400-700  nm 
regime  as  class  IV  if  it  emits  0.5  W  or  more.  Most  PDT  applications,  then,  will  involve  class  IV 
laser  radiation  entering  the  clinic  treatment  room,  and  the  safety  precautions  (signage,  access 
control,  etc.)  have  to  reflect  this.  For  example,  1  W  transmitted  through  a  600  |im  diameter,  step- 
index  fiber  has  a  fluence  of  354  W/cm^  within  and  at  the  exit  of  the  fiber.  Thus,  the  optical  fiber 
carrying  PDT  levels  of  optical  radiation  counts  as  class  IV  equipment  and  has  to  be  sustained  as 
such. 

Any  time  different  laser  wavelengths  are  used  in  a  facility,  care  must  be  taken  to  provide  eyewear 
that  covers  all  of  the  laser  radiation  spectrum.  Just  as  important,  and  much  more  likely  to  be  a 
problem,  is  that,  if  a  number  of  wavelengths  are  available,  the  clinic  staff  must  be  provided  with 
eyewear  for  each  specific 
procedure.  Severe  eye  injuries 
have  resulted  to  clinicians  who 
were  given  incorrect  eyewear. 

Figure  2)  shows  a  comparison  of 
the  optical  density  (OD)  of  laser 
eyewear  typically  used  for 
protection  from  Krypton  and 
HeNe  lasers.  Both  offer  good 
protection  in  the  red  where  most 
PDT  excitation  is  done.  The 
Krypton  eyewear  offers  0.5  OD 
more  absorption  at  the  633  nm 


Laser  safety  eyewear  for  Photodynamic  Therapy 


wavelength  (nm) 

Figure  2)  Comparison  of  the  optical  density  of  typical 
Krypton  and  HeNe  laser  safety  eyewear 
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line  typically  used  for  porphyrin-based  PDT  and,  in  fact,  has  an  OD  >2.5  over  the  range  620-700 
run.  This  renders  red  indicator  lamps  effectively  invisible;  they  appear  im-illuminated.  The 
HeNe  eyewear  covers  a  much  narrower  band,  and  is  hence  less  versatile,  but  red  indicator  lamps 
can  still  be  seen,  albeit  at  reduced  intensity.  Audible  alarms  should  be  considered  where  red 
indicators  such  as  on  anesthesiology  monitors  denote  some  emergency  condition.  As  illustrated 
in  Fig.  3),  HeNe  eyewear  with  an  OD  of  2.4  at  633  nm  should  be  adequate  for  most  PDT 
procedures. 

Similar  bandpass  filters  need  to  be  installed  on  the  eyepieces  of  other  optical  equipment  such  as 
the  endoscopes  or  bronchoscopes  used  to  place  PDT  optical  fibers,  unless  the  PDT  fiber 
insertion  will  be  done  exclusively  by  camera. 

3.5  Treatment  room  access 

Since  the  laser  facility  personnel  control  the  time  at  which  the  laser  is  energized  and  to  which 
room  the  laser  is  directed,  these  personnel  need  to  have  the  control  switch  that  activates  the  laser 
warning  signs  on  the  appropriate  clinic  rooms.  The  clinic  staff  will  also  have  the  control  box  in 
the  treatment  room  to  enable  the  laser  for  test,  calibration,  and  treatment.  Laser  warning  signage 
at  the  clinic  treatment  room  should  be  illuminated  from  the  laser  facility  and  note  the  wavelength 
and  power  levels  possible  per  ANSI  Z136.3-1996. 

4  SAFETY  ISSUES  -  OPERATIONAL 


4.1  Trained  personnel. 

Laser  training  courses  are  offered  through  a  number  of  organizations  and  companies.  Any 
personnel  working  extensively  with  lasers  of  any  sort  and,  particularly,  supervisory  personnel 
should  be  availed  of  these  courses.  Clinic  persormel  training  must  include  a  successful  practice 
run  with  the  laser  on  to  familiarize  personnel  with:  1)  procedures  of  laser  control,  2)  the  character 
of  the  irradiation,  and  3)  the  appearance  of  the  clinic  room,  particularly  control  panels  and 
indicator  lights  when  viewed  through  the  laser  safety  eyewear.  Another  factor,  difficult  to 
quantify  or  test  for  is  insight.  Inevitably,  a  situation  will  arise  in  the  clinic  that  is  not  covered  by 
established  procedure.  Airway  and  anesthesia  complications  have  been  known  to  happen,  and 
laser  power  settings  have  been  known  to  drift.  In  such  situations,  prior  training  and  familiarity 
with  the  equipment  is  essential,  but  so  too  is  an  understanding  of  how  the  laser  beam  is  blocked 
and  how  light  travels  in  optical  fiber  and  what  observed  effects  can  and  cannot  be  caused  by 
particular  equipment. 


Figure  3)  shows  the  Threshold  limit  values  for  ocular  exposure  for  IWatt  emitted  from  a  step- 
index  optical  fiber  having  a  numerical  aperture  of  0.37.  The  graph  assumes  normal  boresight 
exposure  from  the  fiber  that  emits  light  with  a  Gaussian  transverse  distribution. 
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The  Threshold  Limit  Values  (TLV)^ 
for  ocular  exposure  for  a  cw  laser 
operating  at  633  nm  is  illustrated  by 
the  cross-hatched  region  of  Fig.  3). 
Superimposed  on  this  graph  are 
irradiances  produced  by  1  W  emitted 
from  a  flat  termination  of  a  600  pm 
diameter  optical  fiber  having  a 
numerical  aperture  of  0.37.  Equation 
(1)  is  used  to  determine  the  ocular 
irradiance  at  distances  of  10,  25,  and 
50  cm  from  the  fiber  tip. 


Irradiance  =  —  (^  ] 

At  /cm~l 


4.075 

A 


(1) 


where:  P  =  power  (mW)  exiting  from  fiber  terminus 

T  =  optical  transmission  of  the  safety  eyewear,  (0.00398  @  633  nm) 

4.075  =  peak-to-average  intensity  for  a  Gaussian  beam  profile 

A  =  area  subtended  by  the  laser  beam  (cm^)  -  {^^e'^r-[cm^) 

and  where:  6  =  beam  divergence  from  the  optical  fiber  (radians)  =  0.37 

r  =  distance  from  fiber  terminus  to  eye  (cm) 


5.  SUMMARY 

Safety  planning  at  the  time  of  operational  installation  planning  has  to  be  done  in  order  to  prevent 
foreseeable  unsafe  conditions  from  arising  and  to  obviate  the  need  for  expensive  retrofitting  of 
hardware  later.  A  priori  considerations  of  safety  will  greatly  reduce  the  cost  of  installing  and 
operating  a  PDT  facility.  As  in  all  other  activities,  however,  safe  operations  can  be  carried  out 
only  as  long  as  all  of  the  staff  are  trained  and  conscientious  about  following  procedures.  In 
addition,  they  need  to  understand  rmderlying  principles  sufficiently  to  know  when  written 
procedure  doesn’t  cover  a  new  situation  and  must  be  superseded  in  the  interests  of  safe 
operation. 
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Laser  safety  considerations  for  a  mobile  laser  program 
Mary  Flor 

TransOne  Advanced  Mobile  Healthcare  Technologies 
Abbott  Northwestern  Hospital,  Minneapolis,  Minnesota  55407 

ABSTRACT 

An  increased  demand  for  advanced  laser  technology,  especially  in  the  area  of  cutaneous  and 
cosmetic  procedures  has  prompted  physicians  to  use  mobile  laser  services.  Utilization  of  a 
mobile  laser  service  allows  physicians  to  provide  the  latest  treatments  for  their  patients  while 
minimizing  overhead  costs.  The  high  capital  expense  of  laser  systems  is  often  beyond  the 
financial  means  of  individual  clinicians,  group  practices,  free-standing  clinics  and  smaller 
community  hospitals.  Historically  rapid  technology  turnover  with  laser  technology  places 
additional  risk  which  is  unacceptable  to  many  institutions.  In  addition,  health  care  reform  is 
mandating  consolidation  of  equipment  within  health  care  groups  to  keep  costs  at  a  minimum. 

In  1994,  Abbott  Northwestern  Hospital  organized  an  in-house  mobile  laser  technology  service 
which  employs  a  group  of  experienced  laser  specialists  to  deliver  and  support  laser  treatments  for 
hospital  outreach  and  other  regional  physicians  and  health  care  facilities.  Many  of  the  hospital’s 
internal  safety  standards  and  policies  are  applicable  to  the  mobile  environment.  A  significant 
challenge  is  client  compliance  because  of  the  delicate  balance  of  managing  risk  while  avoiding 
being  viewed  as  a  regulator.  The  clinics  and  hospitals  are  assessed  prior  to  service  to  assure 
minimum  laser  safety  standards  for  both  the  patient  and  the  staff.  A  major  component  in 
assessing  new  sites  is  to  inform  them  of  applicable  regulatory  standards  and  their  obligations  to 
assure  optimum  laser  safety.  In  service  training  is  provided  and  hospital  policies  and  procedures 
are  freely  shared  to  assist  the  client  in  establishing  a  safe  laser  environment.  Physician  and 
nursing  preceptor  programs  are  also  made  available. 

Keywords:  Policies,  procedures,  mobile  laser,  laser  safety,  laser  safety  officer,  regulatory 
standards,  ANSI,  TransOne. 


1.  Policies  and  Procedures 


The  laser  safety  policies  and  procedures  of  the  hospital  have  been  extended  to  include  all 
activities  of  the  mobile  laser  service  thorough  a  unifying  document  as  follows: 

TransOne  Advanced  Mobile  Health  care  Technologies 


Title; 

Source; 

Approval: 

Rationale: 


Guidelines  and  Protocol,  Laser  Treatment  Policy  and  Procedure 

TransOne  Program  Manager 

Administrative  Director  of  Outpatient  Services 

To  ensure  safe  and  appropriate  care  of  mobile  program  patients  receiving 
treatments  through  TransOne  mobile  laser  services. 
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TransOne  Mobile  Systems  Specialists  shall  comply  with  all  laser  policies  and 
standard  operating  procedures  as  established  by  Abbott  Northwestern  Hospital. 
TransOne  Mobile  Systems  Specialists  shall  comply  with  laser  technician 
competency  standards  established  by  Abbott  Northwestern  Hospital. 

It  is  the  responsibility  of  each  mobile  client  facility  to  establish  credentialing 
standards  for  the  physician(s)  who  with  to  provide  laser  treatments  utilizing 
equipment  provided  by  TransOne.  The  physicians  shall  select  laser  settings 
(power,  duration,  treatment  mode)  and  determine  the  manner  of  treatment  desired. 
It  is  the  responsibility  of  each  mobile  client  facility  to  comply  with  applicable 
regulations  and  standards  as  established  by  JCAHO,  OSHA,  ANSI  or  other 
governing  bodies. 

2.  CONTRACT/SITE  ASSESSMENT 

As  of  this  writing,  the  formal  laser  mobile  service  contract  is  still  under  legal  review.  The  critical 
components  of  this  contract  will  include  defining  the  mobile  laser  service  duties  and  limitations, 
client  responsibility,  physician  credentialing,  billing  arrangements,  liability  coverage,  and 
scheduling.  This  contract  reflects  key  concerns  identified  from  our  site  visits. 

The  site  assessment  worksheet  serves  as  an  assessment  vehicle  to  determine  client  readiness  and 
safety  issues.  In  addition  to  basic  client  information  (name,  address,  etc.),  the  assessment  sheet 
includes: 

Physicians/Nurse/Scheduler 
Nurse  Supervisor 

Safety  Officer/Laser  Safety  Officer 
Medical  Staff  Office 
Administrator 
Engineering/Security 

Physicians:  Specialty/Wavelength  Credentials 
Laser  Education  for  staff,  including 
Basic  Physics,  Safety  and  Tissue  Interaction 
Pre  and  Post  Procedure  Education 
Laser  Policies  and  Procedures 

When  the  assessment  is  complete,  we  assist  the  facility  to  comply  with  the  requirements  of 
federal  regulators  such  as  OSHA  and  the  standards  established  by  ANSI  and  JCAHO.  It  is 
clearly  communicated  that  it  is  the  facility’s  responsibility  to  meet  these  requirements  and  that 
we  are  an  available  resource.  When  the  site  assessment  is  completed,  and  the  facility  has 
reviewed  and  agreed  to  the  terms  of  the  service  contract,  it  is  clearly  understood  through  verbal 
notice  and  documented  who  has  what  responsibility.  For  example,  it  is  the  facility’s 
responsibility  to  credential  their  physician  for  wave-length  specific  laser  use.  It  is  the  mobile 
laser  service’s  responsibility  to  verify  that  the  physician  has  established  laser  priveledges. 
Additional  examples  of  the  mobile  laser  services  responsibilities  include  maintenance  of  all 
lasers  in  safe  working  order  and  providing  trained  and  competent  laser  specialists. 


Contacts: 


Assessment/ 

Requirements: 


Policy: 


Limitations: 
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3.  QUALITY  ASSURANCE 


3.1  QUALITY  INDICATORS 

The  TransOne  mobile  laser  service  reports  to  and  fully  participates  in  the  Quality  Monitoring 
(QM)  program  of  Abbott  Northwestern  Hospital.  After  one  year’s  experience  we  have 
recognized  that  quality  indicators  utilized  in  a  hospital  environment  are  often  not  applicable  to 
the  mobile  laser  services  provided  because  there  is  no  direct  patient  care  provided  by  the  laser 
specialist.  We  are  currently  evaluating  alternative  QM  indicators  and  are  developing  a 
satisfaction  survey  for  our  clients  to  fill  out  after  each  visit.  Included  in  this  survey  will  be 
questions  specific  to  measure  safety  compliance  by  the  laser  specialist.  These  surveys  will  be 
reviewed  and  recorded  by  the  QM  Committee. 

3.2  DOCUMENTATION 

The  mobile  laser  service  staff  is  responsible  for  all  documentation  regarding  the  laser  procedure. 
This  document  reflects  the  recommendation  from  ANSIZ  136.3- 1996.  The  document  is  provided 
in  triplicate;  one  copy  each  for  the  patients  chart,  facility’s  log  book,  and  the  mobile  laser  service 
logbook. 
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ABSTRACT 

Organic  dyes  have  found  increasing  use  as  sensitizers  in  laser  surgical  procedures,  due  to  their  high  optical 
absorbances.  Little  is  known,  however,  about  the  nature  of  the  degradation  products  formed  when  these  dyes  are 
irradiated  with  a  laser.  Previous  work  in  our  laboratories  has  shown  that  irradiation  of  polymeric  and  biological 
tissues  witii  CO2  and  NdrYAG  lasers  produces  a  host  of  volatile  and  semivolatile  by-products,  some  of  which  are 
known  to  be  potential  carcinogens.  This  work  focuses  on  the  identification  of  the  chemical  by-products  formed 
by  diode  laser  (805  nm)  and  NdrYAG  (1.06  pm)  laser  irradiation  of  indocyanine  green  (ICG)  and  carbon  black 
based  ink  sensitized  tissues,  including  bone,  tendon  and  sheep’s  teeth.  Samples  were  mounted  in  a  0.5 -L  Pyrex 
sample  chamber  equipped  with  quartz  optical  windows,  charcoal  filtered  air  inlet  and  an  outlet  attached  to  an 
appropriate  sample  trap  and  a  constant  flow  pump.  By-products  were  analyzed  by  GC/MS  and  HPLC.  Volatiles 
identified  included  benzene  and  fonnaldehyde.  Semivolatiles  included  traces  of  polycyclic  aromatics,  arising  from 
the  biological  matrix  and  inks,  as  well  as  jfragments  of  ICG  and  the  carbon  ink  components.  The  significance  of 
tiiese  results  will  be  discussed,  inchiding  the  necessity  of  using  appropriate  evacuation  devices  when  utilizing  lasers 
for  surgical  procedures. 

Keywords:  indocyanine  green,  carbon  black,  dyes,  laser,  chemical  by-products,  benzene,  formaldehyde 

1.  INTRODUCTION 

The  use  of  lasers  for  surgical  applications  has  found  broad  acceptance,  due  to  its  many  advantages,  including 
precision  and  speed.  However,  there  are  also  potential  disadvantages  to  using  lasers  for  surgery,  including  ocular 
damage,  the  possibility  of  bacterial  or  viral  transmission  through  the  plume,  and  the  generation  of  hazardous 
chemical  products  during  the  laser  initiated  decomposition  of  tissue.  Ocular  damage  has  been  minimized  through 
the  use  of  appropriate  light  filtering  goggles  and  viral/bacterial  transmission  has  been  managed  through  the  use 
of  smoke  evacuation  devices.  Chemical  by-product  hazards ,  evidenced  by  the  smell  associated  with  laser  tissue 
cutting,  have  also  been  reduced  tiirough  the  use  of  efficient  smoke  evacuation  devices.  Thus,  most  of  the  potential 
hazards  to  operating  personnel  have  been  eliminated  or  reduced  through  the  use  of  appropriate  safety  measures. 
The  question  of  potential  harm  to  patients  by  the  formation  of  hazardous  chemicals  is  still  to  be  resolved,  however. 
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Ott,  for  instance,  has  shown  that  smoke  formed  during  laser  surgery  within  the  peritoneal  cavity,  is  quickly 
absorbed  into  the  patient’s  bloodstreaiiL  causing  elevated  mediaemoglobin  levels.^  There  is  one  additional  practical 
problem  associated  with  die  use  of  lasers:  the  efficiency  of  laser  li^t  absorption.  Lasers  produce  light  in  various 
regions  of  the  spectruin,  ranging  fiom  the  ultraviolet  (excimer  lasers,  180  -  350  nm)  to  the  near  mfrared  (NdiYAG, 
L06  pm)  to  the  mid  infrared  (CO2,  10.6  pm).  Unfortunately,  no  single  laser  wavelength  is  suitable  for  all 
biological  tissues,  due  to  varying  wat^  content,  chemical  make-up  and  the  susceptibility  to  thermal  damage.^  One 
method,  becoming  increasingly  popular  for  enhancing  the  absorption  of  the  laser  energy,  is  to  apply  a  dye  to  the 
tissue  surface.  The  dye  chosen  has  a  maximal  absorption  of  light  close  to  the  operating  wavelength  of  the  laser. 
Thus,  reduced  laser  energy  operating  levels  are  possible,  with  increased  ablation  efficiencies  while  reducing 
potential  hazards  fix>m  the  laser  beam  and  decomposition  products.  Indocyanine  green  (ICG)  is  one  dye  which  has 
been  used  successfully  as  a  photoenhancer  for  tissue  welding.^’^  ICG  seems  well  suited  for  microsurgical 
procedures,  since  it  possesses  low  toxicity  and  high  optical  absorbance  at  ~800  nm,  where  most  biological  tissues 
are  relatively  transparent.  However,  little  is  known  about  the  degradation  products  of  ICG,  and  their  potential 
toxicity,  when  exposed  to  laser  light.^’^°  The  current  study  resulted  from  a  desire  to  use  ICG  and  a  carbon  black 
based  dye  as  photoenhancers  in  microsurgical  procedures  utilizing  a  diode  laser  (805  nm)  and  a  NdiYAG  laser 
(1 .06  pm).  The  relative  hazard,  due  to  chemical  by-product  formation,  posed  by  the  interaction  of  the  laser  light 
with  these  dyes  and  the  tissue  was  unknown.  A  study  was  therefore  undertaken  to  determine  the  amounts  of 
representative  hazardous  chemicals  present  in  the  resulting  smoke  plumes  produced  when  dye  enhanced  tissues 
were  irradiated. 


2.  MATERIALS  AND  METHODS 


2.1  Tissue  samples 

The  lasar  sm^cal  procedures  to  be  studied  included  cutting  of  the  bones  of  the  middle  ear,  ablation  of  spinal  discal 
material,  and  removal  of  supofrcial  dental  caries.  The  middle  ear  bone  was  represented  in  this  study  by  a  chicken 
bcaie,  coated  with  a  dried  3%  solution  of  ICG  and  cut  with  a  Surgimedics  Diomed  805  nm  diode  laser.  The  spinal 
discal  material  was  represented  by  a  similarly  ICG  coated  pig  tendon,  again  cut  with  the  diode  laser.  The  dental 
material  was  represented  by  sheep’s  teeth,  coated  with  a  proprietary  carbon  black  based  injet  formulation  dye  and 
cut  with  an  Americal  Dental  Technologies,  Incisive  Technologies  Division  Pulse  Maser  lOOOU  NdiYAG  medical 
laser  (1.06  pm).  In  addition,  reference  samples  were  prepared  by  coating  standard  microscope  slides  with  thin 
coatings  of  the  ICG  and  carbon  inks. 

2.2  By-product  collection 

The  samples  were  weighed  immediately  before  and  after  laser  cutting.  Each  sample  was  mounted  in  a  500-cc 
cylindrical  Pyrex  chamber  (Figure  1)  equipped  with  a  quartz  window,  an  activated  carbon  filtered  air  inlet  (SKC 
Inc.  charcoal  sampling  tube),  and  a  sample  collection  tube.  Air  was  drawn  from  the  chamber  into  the  collection 
tube  at  a  constant  velocity  using  a  calibrated  sampling  pump  (SKC  Inc.).  Volatile  and  semivolatile  chemical  by¬ 
products  were  first  collected  on  activated  charcoal  tubes  and  ORBO-43  tubes  (Supelco,  Inc.),  respectively.  These 
tubes  were  then  solvent  extracted  (CSj)  and  analyzed  by  gas  chromatography/mass  spectroscopy  (GC/MS).  The 
solvent  extraction  technique,  however,  was  not  found  to  be  sensitive  enough  and  was  subsequently  replaced  with 
an  adsorption/thermal  desorption  tube  (200  cc/miaute  collection)  for  analysis  of  both  volatile  and  non-volatile 
components.  Aldehydes  were  anatyzed  by  collection  on  Supelco  dinitrophenylhydrazine  (DNPH)  coated  silica  gel 
tubes  at  a  sampling  rate  of  1  L/minute. 


Mounted 

Sample 


Figure  1.  Sampling  chamber  used  for  sample  irradiation  and  by-product  collection 
23  Laser  operating  parameters 

TTie  optic  fibers  for  the  diode  and  NdiYAG  lasers  (400  (mn  diameter)  had  laser  beam  divergences  such  that  it  was 
necessary  to  use  a  quartz  double  condensing  lens  system  (Figure  2)  to  focus  the  beam  within  the  chamber.  Actual 
spot  size  on  the  sample  was  800  pm,  decreasing  the  laser  power  density  by  75%.  Also  decreasing  laser  power 
density  was  a  3%  light  reflection  loss  at  each  lens  and  window  surface.  The  Nd:YAG  laser  was  operated  in  the 
pulsed  mode,  280  mJ  at  25  Hz  with  approximately  5  W  delivered  to  the  sample.  The  diode  laser  was  also  operated 
in  the  pulsed  mode,  at  a  0.5  second  duration  and  a  0.1  second  interval  between  pulses  with  6  W  delivered  to  the 
sample.  The  sample  chamber  was  mounted  on  an  XY  table  and  the  sample  then  moved  through  the  beam  at  a  rate 
of  0.22’Vsecond. 


100  mm 

75  mm  Condenser  Lens 


40  mm  120  mm  200  mm 

Figure  2.  Condensing  lens  used  to  focus  laser  beam  fi-om  the  optical  fiber  onto  the  sample  in  the  chamber 
2.4  Aldehyde  analyses 

Aldehyde  by-products  were  collected  on  Supelco  DNPH  sample  tubes  and  analyzed  by  high  performance  hquid 
chromatography  (HPLC).  Two  blanks  were  obtained  for  each  set  of  samples  collected  by  drawing  an  equivalent 
volume  of  air  through  the  chamber  onto  the  tube,  with  a  sample  mounted  in  the  chamber.  Each  DNPH  tube  was 
eluted  with  5.0  mL  of  HPLC  grade  acetonitrile  into  a  5-mL  volumetric  flask,  and  a  portion  subjected  to  HPLC 
analysis.  The  HPLC  instrument  used  was  a  Waters  616  system  with  a  Waters  996  photodiode  array  detector  set 
at  360  nm  and  a  717  autosampler.  The  separation  column  was  a  Waters  Nova-Pak  C18  (1 50  mm  x  3.9  mm^  4  pm 
diameter  packing).  Themobile  phase  flow  was  1 .0  mL/minute.  Solvent  A  was  acetonitrile  :  tetrahydrofuran  :  water, 
30:10: 60;  solvent  B,  acetonitrile :  water,  60  :  40.  The  gradient  program  used  was  0  %  B  for  1  minute,  followed 
by  a  linear  gradient  to  100%  B  over  10  minutes,  and  held  at  100%  B  for  15  minutes.  Under  these  conditions, 
separations  were  obtained  for  all  but  two  aldehyde/ketone  DNPH  derivative  standards  (Supelco,  Inc.): 
methacrolein  and  2-butanone  (Figure  3).  Retention  times  for  each  standard  are  given  in  Table  1. 
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Figure  3*  HPLC  separation  of  aldehyde  and  ketone  DMPH  derivatives 


Aldehyde/Ketone 

Formaldehyde 
Acetaldehyde 
Acetone 
Acrolein 
Propionaldehyde 
Crotonaldehyde 
Methacrolein  +  2-Butanone 
Bulyraldehyde 
Benzaldehyde 
Valeraldehyde 
m-T  olualdehyde 
Hexaldehyde 


EPLC  Retention  Time  (min) 

5.828 
7.812 
9.928 
10.462 
11.112 
12-928 
13.545 
13.962 
15.328 
17.345 
18.862 
22.378 


Table  1.  HPLC  retention  times  for  aldehyde/ketone  DNPH  standards  in  Figure  3 


2.5  Volatile/semivolatile  hydrocarbon  analyses 

Analysis  fOT  volatile  and  semivolatile  hydrocarbons  used  a  modification  of  the  National  Institute  of  Occupational 
Safety  aiKi  Health  (NIOSH)  method  2549.”  This  involved  trapping  the  by-products  in  a  4  inch  x  1/4  inch  diameter 
stainless  steel  adsorption  tube  (inner  surface  coated  with  Silcosteel,  Restek,  Inc)  consisting  of  a  three-layer 
adsorbent  medium:  Carbotrap  C  (300  mg)>  Carbotrap  (200  mg)  and  Carbosieve  S-III  (125  mg)  (Supelco,  Inc). 
Two  blanks  were  collected  for  each  set  of  samples.  Each  tube  was  spiked  with  1  pL  of  a  methanol  solution 
containing  181  ng  of  decafluorobiphoiyl,  which  acted  as  an  internal  standard,  (^antitative  standards  were  obtained 
f(M:  benzene,  toluene,  ethylbenzene,  o-,  m,  p-xylene  (BTEX  standards,  Supelco,  Inc)  by  injecting  1  pL  methanol 
standards  onto  the  trap.  Sanivolatile  pofycychc  aromatic  hydrocarbon  standards  were  also  run  separately  to  obtain 
their  respective  gas  chromatographic  (GC)  retention  times.  The  tube  was  mounted  in  a  Tekmar  4000  purge  and 
trap  (PNT)  device,  modified  to  allow  thermal  desorption  at  300  and  interface  line  operation  at  200  °C.  Sample 
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tubes  were  purged  for  1  minute  with  helium  to  remove  air  and  methanol  and  then  thermally  desorbed  at  20 
cc/minute  at  300  °C  onto  a  Hewlett-Packard  5990  Series  II  GC  interfaced  to  a  HP  -  5971 A  benchtop  mass 
spectrometer  (MS).  The  GC  was  operated  with  the  spht-sphtless  inlet  purge  on,  20  cc/minute,  and  septum  purge 
2  cc/minute.  The  PNT  transfer  line  was  connected  throu^  the  inlet  septum  and  supplied  20  cc/minute,  the  GC  inlet 
an  additional  2  cc/minute.  With  a  column  flow  rate  of  0.5  cc/minute,  the  split  ratio  was  therefore  40  :  1.  The 
chromatography  column  used  was  a  HP-5,  25  m  x  0.2  mm  i.d.  with  a  0.25  pm  column  coating.  GC  oven 
parameters  were  as  follows:  10  ‘^C  for  4  minutes,  ramped  at  6°  C/minute  to  lOO^C,  held  at  100° C  for  4  minutes, 
then  ramped  at  20  °C  to  300  °C  and  held  at  300  °C  for  1  minute.  MS  acquisition  began  6  minutes  after  initiation 
of  desorption.  A  typical  BTEX  analysis,  with  a  concentration  of  400  ng  for  each  BTEX  component  and  181  ng 
for  decafluorobiphenyl  is  shown  in  Figure  4.  The  components  and  retention  times  for  the  BTEX  mixture  are  given 
in  Table  2. 
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Figure  4.  GC/MS  total  ion  chromatogram  for  BTEX  mix  and  decafluorobiphenyl 


Component 

Amount 

Retention  Time  ( 

Benzene 

400  ng 

7.282 

Toluene 

400  ng 

10.883 

Ethylbenzene 

400  ng 

14.012 

m-,  p-Xylene 

400  ng  each 

14.289 

o-Xylene 

400  ng 

14.982 

Decafluorobiphenyl 

181  ng  ' 

20.850 

Table  2.  Components  and  retention  times  of  BTEX  and  internal  standard  (GC/MS) 


3,  RESULTS 


Previous  analyses  of  laser  generated  by-products  of  biological  samples  indicated  that  a  complex  mixture  of 
chemicals  would  be  found  in  the  samples  studied  in  this  work.^’^  This  was  indeed  the  case.  A  typical  example  of 
a  GC/MS  trace  for  a  carbon  black  ink  coated  tooth  cut  with  the  NdrYAG  laser  is  shown  in  Figure  5.  Components 
include  benzene,  toluene,  the  xylenes  and  naphthalene  (retention  time  21.762  min).  A  typical  HPLC  trace  for 
aldehydes  and  ketones  obtained  from  a  bone  sample  using  the  diode  laser  is  shown  in  Figure  6. 
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F^re  5.  GC/MS  chrOToatogram  for  hydrocarbon  by-products  obtained  by  NdrYAG  laser  cutting  a  carbon  black 
ink  coated  tooth 
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Figure  6.  HPLC  chrcmiatogram  for  aldehyde  and  ketone  DNPH  derivatives  obtained  by  diode  laser  cutting  ICG 
coated  bone 


Table  3  summarizes  the  results  obtained  for  the  analyses  of  benzene  and  formaldehyde  formed  by  cutting  ICG  and 
carbon  ink  coated  slides  with  the  diode  and  Nd:YAG  lasers  (average  of  two  samples  each),  cutting  bone  and  tendon 
samples  coated  with  ICG  and  carbon  ink  with  the  diode  laser  (average  of  two  samples  each),  and  cutting  teeth 
coated  with  carbon  ink  with  the  NdrYAG  laser  (average  of  four  samples). 


I 


Sample 

Benzene  ng/mg 

(ppm/mg) 

Formaldehyde  pg/mg 

(ppm/mg#) 

slide/C*/D** 

65 

(0.02) 

3.0 

(2.4) 

slide/I***/D 

510 

(0.16) 

0.1 

(0.08) 

sUde/C/N**** 

— 

0.4 

(0.4) 

bone/C/D 

572 

(0.18) 

3,6 

(2.9) 

bone/I/D 

110 

(0.03) 

Not  Detected 

(Not  Detected) 

tendon/C/D 

1.1 

(5  X  W) 

0.2 

(0.2) 

tendon/I/D 

2.2 

(3  X  10-') 

Not  Detected 

(Not  Detected) 

teeth 

146 

(0.04) 

0.4 

(0.32) 

*  carbon  based  ink,  **  diode  laser,  ***ICG  ink, 

****  Nd:YAG  laser,  #  based 

on  a  volume  of  1  L 

Table  3,  Average  amounts  of  benzene  and  fonnaldehyde  formed  during  cutting  of  tissues 


For  comparison,  the  complete  listing  of  aromatic  hydrocarbon  and  aldehyde/ketone  compounds  obtained  fix)m  a 
tooth  (GC/MS  trace  represented  in  Figure  5)  and  bone  (HPLC  trace  in  Figure  6)  are  listed  in  Tables  4  and  5. 


Aromatic  Hydrocarbon 

GC/MS  Retention  Time  (min) 

Amount  Detected  (ng) 

Benzene 

7.297 

1643 

Toluene 

10.890 

319 

Ethylbenzene 

14.023 

40 

m-,  p-Xylene 

14.518 

153 

o-Xylene 

14.947 

170 

Decafluorobiphenyl 

20.829  (internal  standard) 

181 

Table  4.  Aromatic  hydrocarbons  obtained  from  one  tooth  sample  (GC/MS  trace  Figure  5).  Total 
material  removed,  13.8  mg. 


Aldehyde/Ketone 

HPLC  Retention  Time  (min) 

Amount  Detected  (ng) 

Formaldehyde 

5.818 

962 

Acetaldehyde 

7.802 

39900 

Acetone 

9.935 

17600 

Acrolein 

10-462 

Not  Detected 

Propionaldehyde 

11.102 

12500 

Crotonaldehyde 

12.952 

1240 

Methacrolein  +  2- 

Butanone  13.568 

256 

Butyraldehyde 

14.018 

3400 

Benzaldehyde 

15.302 

277 

Valeraldehyde 

16.835 

5610 

m-Tolualdehyde 

18.862 

Not  Detected 

Hexaldehyde 

22-378 

Not  Detected 

Table  5.  Aldehydes  and  ketones  obtained  from  one  bone  sample  (HPLC  trace  Figure  6).  Total 
material  removed,  5.2  mg. 


4.  DISCUSSION  OF  RESULTS 


The  significance  of  the  results  obtained  in  this  study  must  be  looked  at  in  the  context  of  the  limitations  of  the 
e?q)OTmental  data  and  the  relative  hazards  of  the  chemicals  analyzed.  The  purpose  of  this  study  was  to  provide  a 
measure  of  the  potential  hazanis  which  laser  generated  decomposition  products  might  pose  to  laser  operating 
perscmnel  and  patients.  However,  conditions  employed  for  laser  cutting  were  meant  to  mimic,  but  not  duplicate, 
conditions  to  be  ^ployed  during  actual  surgical  or  dental  procedures.  In  fact,  actual  surgical  or  dental  laser 
fyeratrng  conditions  to  be  finally  employed  will  be  modified,  if  possible,  to  minimize  by-product  hazards.  Thus, 
laser  systois  will  be  opmted  at  a  minimum  energy  level,  with  good  gas  evacuation  systems,  to  reduce  the  laser 
plume  and  by-product  concentrations.  In  addition,  the  photoenhancing  inks  employed  will  be  dispensed  as 
measured  microdrt^s,  immediately  before  a  laser  pulse,  decreasing  the  total  amount  of  ink  interacting  with  the 
laser  beam. 

With  these  diffoiaices  betwe^  actual  surgical/dental  procedures  and  the  experimental  conditions  utilized  for  this 
work,  what  is  the  significance  of  the  types  and  amounts  of  the  ch^cals  detected  as  health  hazards  for  laser 
operating  personnel  and  patients?  Table  6  lists  the  NIOSH,  OSHA  and  ACGIH  permissible  limits  for  the 
chemicals  detomined  in  this  study.^^’^^  Note  that  these  limits  pertain  to  allowed  limits  for  the  laser  operating 
personnel  onfy,  and  do  not  pertain  to  patients.  In  fact  there  are  no  established  exposure  limits  for  patients,  and  such 
limits  would  be  diJTarent  for  different  operating  procedures,  if  they  did  exist.  Of  the  chemicals  in  this  list,  two 
deserve  close  attention,  benz^e  and  formaldehyde.  Both  have  very  low  worker  exposure  limits,  since  they  are 
suspect  carcinogens.  Both  of  these  chemicals  were  found  in  measurable  quantities  in  all  of  die  smoke  samples 
analyzed  (Table  3),  and  this  is  also  true  for  laser  decomposition  studies  previously  carried  out  by  us.^*^  The 
question  is  whether  or  not  these  quantities  represent  a  true  hazard,  or  are  so  small  that  they  can  be  ignored.  This 
depends  on  how  one  looks  at  the  data.  Atmospheric  levels,  measured  in  parts  per  million  (ppm)  or  mg/m^  are 
certainty  lower  than  even  die  NIOSH  limits,  even  if  a  smoke  evacuator  were  not  used,  given  the  tiny  amounts  of 
material  v^Kxrized  during  a  microsurgical  or  dental  procedure,  presuming  the  laser  operator  is  not  close  enoough 
to  the  site  to  enhale  the  fumes  directly.  But,  how  about  the  patient?  Given  Ott’s  study  of  the  effect  of  peritoneal 
cavity  laso*  surgery,  it  may  not  be  necessary  for  the  patient  to  breath  the  vapors  in  order  to  suffer  ill  effects  fixim 
diem.^  This  feai  to  the  conclusion  that,  despite  the  very  small  amount  of  material  produced  during  these  studies, 
a  snoke  evacuation  system  will  be  mandatory  for  these  types  of  microsurgery  or  dental  procedures,  to  protect  the 
patient. 


Chemical 

OSHA  Limits  (ppm) 

NIOSH  (ppm) 

ACGIH  (ppm) 

Formaldehyde 

3;C*  5;P**  10/30  min 

0.016;  C  0.1,  Care*** 

C  0.3  Suspect  Care 

Acetaldehyde 

200 

18,  Care 

100  STEL**** 

Acrolein 

0.1 

0.1;  0-3  STEL 

0.3  STEL 

Crotonaldehyde 

2 

2 

2 

Valeraldehyck 

... 

‘50 

50 

Benzene 

1;5STEL 

0.1,  C  lppm/15  min.  Suspect  Care 

10,  Suspect  Care 

Toluene 

200;  C  300;  P  500 

100;  STEL  150 

50 

Ethylbenzene 

100 

100, 125  STEL 

100 

0-,  m-,  p-Xylene 

100 

100;  150  STEL 

100;  150  STEL 

*  Ceiling  concentration, 

**  maximum  permissible,  instantaneous,  ***  Carcinogen,  ****short-term  (15  min) 

exposure  limit 


Table  6.  Permissible  hazardous  chemical  atmospheric  limits  allowed  for  woiicers 


5.  CONCLUSIONS 


Small  quantities  of  potentially  hazardous  chemicals  are  formed  when  diode  and  Nd:YAG  lasers  are  used,  in 
CQujunction  with  a  photoeuhancing  dye,  to  cut  biological  materials.  Results  indicate  that  the  photoenhancing  dyes 
do  not  contribute  significantfy  to  the  by-product  concentraticMi,  compared  to  the  products  formed  by  decomposition 
of  the  biological  materials.  Use  of  an  appropriate  smoke  evacuation  device  in  conjunction  with  this  laser  ablation 
technique  is  mandatory,  in  order  to  protect  the  patient  from  potential  harm  by  these  by-products. 
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ABSTRACT 

One  of  the  major  causes  of  anxiety  in  the  dental  clinic  is  the  dental  handpiece  (drill). 
Because  dentists  wish  to  provide  a  method  which  can  replace  the  drill  there  has  often 
been  a  premature  use  of  the  laser  in  dentistry.  Various  lasers  have  been  introduced 
into  the  clinic  before  research  has  shown  the  laser  used  is  of  clinical  benefit.  Any 
new'  treatment  method  must  not  compromise  the  health  of  the  patient  being  treated. 
Thus  a  method  of  evaluating  the  clinical  abilities  of  dentists  and  their  understanding 
the  limitations  of  the  laser  used  must  be  developed.  Dentists  must  be  trained  in  the 
basic  interaction  of  the  laser  on  oral  tissues.  The  training  has  to  concentrate  on  the 
variation  of  the  laser  wavelength  absorption  in  the  different  tissues  of  the  oral 
cavity.  Because  of  the  differences  in  the  optical  properties  of  these  tissues  great  care 
must  be  exercised  by  practitioners  using  lasers  on  patients. 

Key  Words:  Laser,  Dentistry,  Safety 


INTRODUCTION  &  DISCUSSION 


The  intent  of  this  paper  is  to  discuss  the  present  status  of  lasers  in  dentistry  with  a 
brief  history  of  where  they  have  been.  Discussion  will  include  some  concerns  why 
we  in  dentistry  are  is  such  a  precarious  place  with  respect  to  lasers  and  how  changes 
now  can  prevent  some  of  the  potential  harm  that  inappropriate  laser  use  in  dentistry 
can  bring  to  our  patients. 

The  vision  of  lasers  in  dentistry  began  just  about  the  time  of  the  development  of  the 
ruby  laser  in  the  early  1960's.  The  researchers  of  that  time  theorized  that  a  laser 
could  be  used  to  fuse  the  deep  pits  and  fissures  of  the  chewing  surfaces  of  teeth 
which  would  reduce  the  incidence  of  decay.  It  was  unfortunate  that  the  heat 
generated  by  the  ruby  laser  caused  too  much  damage  to  the  teeth  so  it  was  discarded 
as  a  viable  method.  Since  the  early  1960's  there  has  been  only  a  fleeting  interest  in 
lasers  for  dentistry  this  however  changed  within  the  last  five  years.  In  1988  there 
was  an  introduction  of  a  laser  which  was  directed  to  only  the  dental  market.  It  was  a 
3  watt  pulsed  Nd:YAG  laser  which  was  given  the  name  American  Dental  Laser(ADL). 

At  the  time  of  it's  introduction  there  were  very  few  applications  and  the  development 
of  applications  and  indications  was  left  up  to  the  dentist  who  owned  the  machine. 
This  led  to  a  flurry  of  anecdotal  reports  written  by  dentists  who  in  the  confines  of 
their  private  offices  developed  a  scientific  network  providing  absolutely  no  basis  for 
the  use  of  this  laser.  Since  there  was  an  initial  interest  in  lasers  among  dentists  and 
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ADL  sold  some  lasers  other  laser  manufacturers  entered  this  market.  At  the  present 
time  there  are  no  less  than  thirteen  different  kinds  of  lasers  available  to  dentists 
marketed  as  dental  lasers.  These  lasers  vary  in  wavelength  and  include  CO2,  Argon, 
Nd:YAG,  Ho:YAG  and  just  entering  the  marketplace  is  the  Er:YAG  lasers.  Some  veiy 
good  research  has  been  done  with  the  lasers  mentioned  above  but  this  research  is 
very  limited  and  does  not  provide  enough  information  to  suggest  using  lasers  in  ways 
advocated  by  some  clinicians  today(l,2,3,4,5,7,12,13,14,15,16,17(&20).  The  Food  and 
Drug  Administration  (FDA)  has,  to  date,  limited  it's  clearance  to  simple  soft  tissue 
applications  because  there  has  not  been  enough  research  both  in  the  laboratory  and 
clinically  to  prove  safety  and  effectiveness  beyond  cleared  applications. 

The  status  of  dental  lasers  and  their  safe  use  is  based  on  a  number  of  issues  these 
include  good  controlled  research,  unbiased  education  of  the  practitioners  using  the 
lasers,  continuing  education  requirements  and  possible  periodic  examination  leading 
to  a  method  of  credentialling  of  dental  laser  users.  These  actions  are  necessary 
because  of  the  way  dental  care  is  provided  to  patients.  Most  dentists  are  independent 
practitioners  and  do  not  have  any  governing  body  reviewing  their  care  of  patients. 
This  is  quite  different  from  hospitals  where  departments  of  surgery  review 
credentials  of  lasers  users  and  monitor  their  use. 

The  underlying  quest  of  all  laser  researchers,  manufacturers  and  dentists  is  to  find  a 
laser  that  can  replace  the  dental  handpiece  which  will  remove  decay  in  a  way  that  is 
less  frightening.  To  this  end  a  number  of  dental  laser  manufacturers  have 
overstepped  the  FDA  clearance  process  by  suggesting  that  their  laser  can  be  used  in 
place  of  a  dental  drill.  It  must  be  understood  that  to  date  no  laser  has  been  cleared  by 
the  FDA  for  dental  hard  tissue  treatment  or  removal.  This  clearance  has  not  been 
granted  because  the  research  that  is  needed  has  not  been  done  which  proves  that 
lasers  are  safe  and  effective. 

The  lack  of  sufficient  controlled  research  is  why  lasers  have  not  been  embraced  by 
the  dental  community  as  a  new  method  of  treatment.  This  lack  of  research  is  also  the 
fundamental  reason  why  dental  lasers  are  in  the  precarious  place  they  find 
themselves  presently.  Any  lecturer,  practitioner,  manufacturer  and  most 
importantly  salesman  can  make  a  claim  about  a  particular  laser  either  pro  or  con  and 
because  the  information  is  not  fully  known  the  claim  can  neither  be  refuted  nor 
proven  true. 

This  leads  to  another  problem  which  is  the  educational  process  presently  used  to 
train  dentists.  It  is  essential  that  any  educational  process  in  laser  training  be 
unbiased  and  have  as  a  goal  to  educate  dentists  in  general  laser  use  and  safety  and  not 
meant  to  be  a  sales  pitch  to  sell  a  laser.  Most  laser  courses  now  are  given  by 
manufacturers  and  ultimately  are  intended  to  lead  to  a  sale  of  the  laser  by  the 
company  giving  the  laser  course.  It  would  be  a  fantasy  to  believe  one  laser  company 
would  teach  participants  that  maybe  another  laser  might  be  better  for  a  certain 
treatment  and  most  importantly  treatment  with  the  other  laser  just  might  be  in  the 
best  interest  of  the  patient.  The' intent  of  a  good  educational  process  is  to  educate  the 
users  in  basic  information  so  than  the  users  can  make  the  decision  which  laser  would 
be  the  best  for  a  certain  indication. 

The  ultimate  goal  should  be  improved  treatment  with  lasers  of  our  patients  What 
follows  is  an  outline  of  suggested  actions  that  could  lead  to  the  goal  stated  above  i.e., 
efficient,  safe  and  effective  use  of  lasers  in  dentistry. 
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The  basis  for  all  laser  treatment  in  humans  must  be  in  line  with  existing  research 
that  proves  that  the  treatment  is  safe  and  effective.  Indicated  methods  must  not  be 
based  on  financial  gain  and/or  improved  reputation  of  the  user.  The  use  of  the 
scientific  method  should  not  be  ignored  by  laser  researchers  and  practitioners  and 
all  research  must  be  scrutinized  for  its  scientific  merit.  An  additional  intent  of  this 
research  is  to  review  the  parameters  of  a  specific  lasers  and  find  those  parameters 
for  optimal  use  of  a  specific  condition.  The  FDA  has  established  guidelines  which  are 
meant  to  protect  patients  and  must  be  followed.  The  FDA  must  also  be  considered  an 
advocate  for  the  safe  use  of  lasers.  Changes  in  stated  guidelines  will  be  based  on 
controlled  research  proving  lasers  are  of  value  by  the  results  of  this  research. 

Education 

There  is  a  great  need  at  present  for  an  educational  process  that  will  inform  dental 
practitioners  of  lasers  use  and  potential  use  in  the  future.  This  education  initially 
should  be  only  didactic  covering  the  areas  of  basic  laser  physics,  laser  safety  and 
tissue  effects  of  lasers  without  "hands  on"  training.  The  variability  of  wavelength 
and  its  effect  on  tissue  is  the  essential  component  necessary  that  needs  to  be 
understood  by  any  practitioner  using  a  laser.  It  is  when  this  information  is  known 
that  a  dentist  can  make  an  informed  decision  about  the  ideal  treatment  for  a  specific 
condition.  It  should  also  be  understood  that  a  specific  treatment  may  not  be  restricted 
to  one  wavelength.  Changing  parameters  of  different  wavelengths  may  have  similar 
effects  on  tissues. 

It  is  imperative  that  there  is  an  integration  of  current  research  in  any  educational 
process,  only  than  can  the  most  up-to-date  information  be  imparted  on  the 
profession. 

A  thorough  understanding  of  laser  basics  should  preclude  clinical  application 
instruction.  The  education  process  must  be  evaluated  on  a  regular  basis  and  be 
unbiased  It  should  also  have  no  ties  with  the  laser  manufacturing  sector. 

Credentialling  of  Use 

1.  Establishing  Standards 

To  make  sure  that  there  is  a  uniform  understanding  of  the  guidelines  that  will 
regulate  laser  use  in  dentistry  standards  must  be  developed.  As  the  knowledge 
expands  in  this  field  there  must  be  flexibility  to  incorporate  this  new  technology. 

a.  Governing  Agency 

To  insure  the  safe  use  of  lasers  a  body  which  can  be  either 
private  or  governmental  must  be  developed.  The  intent  of  this  agency  is  to  provide 
licensing  boards  with  the  information 

necessary  to  regulate  safe  laser  usage.  This  body  should  also  add  legitimacy  to  these 
standards. 

b.  Education  Standards 

Education  of  laser  users  must  be  uniform,  with  its  main  intent  to  provide  an  unbiased 
laser  training  of  lasers  users.  This  training  should  be  divided  into  didactic  and 
clinical  components 

where  the  practitioner  must  show  proficiency  in  the  didactic 
component  before  progressing  to  the  clinical  training. 


c.  Continuing  Education  Standards 

All  laser  users  must  be  required  to  attend  continuing  education  courses.  With  this 
area  of  clinical  dentistry  expanding  at  such  a  fast  pace  it  is  imperative  that  users 
maintain  their  proficiency  on  a  regular  basis. 

All  practitioners  that  use  lasers  for  surgeiy^  must  be  keep  abreast  of  new  advances  in 
laser  research,  use  lasers  only  in  FDA  cleared  applications  and  keep  the  interest  of 
their  patients  in  mind.  Only  when  there  is  a  concerted  effort  by  dental  researchers 
and  practitioners  to  understand  lasers  and  their  potential  use  can  patients  be  assured 
of  safe  and  effective  treatment. 
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ABSTRACT 

In  laser  surgery  power  densities  of  10^  W/cm^  are  used  for  tissue  vaporisation  or  10®  W/cm^ 
and  more  for  photoablation.  These  densities  are  harmful  to  endotracheal  tubes  or  other  devices 
which  are  used  in  a  close  distance  to  the  laser  beam.  The  laser  resistance  of  endotracheal  tubes 
was  measured  under  the  exposure  of  various  lasers  in  the  UV,  the  visible  and  the  IR 
wavelength  range.  The  laser  induced  temperatures  of  the  tube  materials  were  measured  by  an 
IR  camera.  It  is  discussed  which  physical  processes  of  light  material  interaction  cause  heat  and 
how  this  heat  deposition  is  compensated  by  cooling  processes  to  keep  the  temperature  rise  in 
an  acceptable  range.  The  experimental  observation  can  be  well  described  by  the  physical 
properties  of  the  materials  and  their  composition. 


Key  words:  Laser  Safety,  Laser  Surgery,  Endotracheal  Tubes,  Protection  Mechanism 


1  INTRODUCTION 

Laser  safety  covers  not  only  the  risk  of  direct  laser  tissue  interaction  but  also  indirect  risks 
which  are  induced  when  the  power  of  the  laser  beam  ignites  burnable  materials.  Especially  this 
second  point  is  important  in  the  field  of  laser  surgery  when  tubes  are  placed  in  natural  or 
artifical  openings  of  the  human  body. 

In  the  upper  aerodigestive  tract  tumor  resection  is  nowadays  successfiilly  performed  with  CO2 
laser  beams  with  powers  of  20  W  and  more.  The  beam  is  delivered  by  an  adjustable  mirror 
arm,  where  in  the  last  step  a  tiny  mirror  brings  the  beam  on  a  straight  path  to  the  area  of 
surgery.  This  path  has  a  length  of  appr.  40  cm.  A  common  version  for  the  supply  of  the  patient 
with  oxygen  and  narcotic  gases  is  to  use  an  endotracheal  tube.  Since  the  inner  diameter  of  the 
trachea  is  small  and  the  path  of  the  laser  beam  quite  long  an  accidental  exposure  of  the  tube 
can  not  be  excluded.  Laser  induced  ignition  of  endotracheal  tubes  is  seen  as  the  most  serious 
accidence  in  the  field  of  laser  surgery. 
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2.  Experimental  Setup  and  Results 


2. 1  Endotracheal  Tubes 

Two  different  types  of  endotracheal  tubes  were  studied  in  detail. 

2.1.1  Compound  Tube 

The  compound  tube  (“Laertubus“,  Riisch,  Waiblingen,  Germany)  is  build  by  a  tube  of  ivory 
colored  rubber,  with  a  wall  thickness  of  1  to  2  mm.  Two  channels  in  the  thickest  part  of  the 
tube  wall  are  the  two  lumens  for  cuff  inflation.  At  a  length  of  170  mm  the  rubber  tube  is 
surrounded  by  an  ondulated  silver  foil,  which  itself  is  covered  by  a  0.7  mm  thick  layer  of  white 
polyacetate  foam  (“Merocel^  foam“).  This  foam  was  moistened  before  the  tubes  were 
irradiated  by  the  laser  beam.  At  the  distal  end  this  tube  is  equiped  with  two  flexible  cuffs;  The 
inner  cuff  is  formed  of  a  yellow  rubber  membrane  and  the  outer  cuff  fabricated  by  a  white 
rubber  membrane.  The  inner  cuff  can  be  inflated  by  air  or  sterile  saline  solution,  while  the  outer 
cuff  has  to  be  inflated  by  sterile  isotonic  saline  solution. 

2.1.2  Metallic  Tube 

The  metallic  tube  (“Laser-Flex™“,  Mallinckrodt,  Glens  Falls,  Inc.  USA)  is  fabricated  by  a  0.09 
mm  thin  stainless  steel  ribbon  to  form  a  helically  convoluted  tube.  At  the  distal  end  ,  this  tube 
has  two  cuffs  formed  by  polyvinyle  chloride  (PVC).  The  lower  cuff  is  discribed  as  the  sealing 
cuff  and  the  upper  as  the  barrier  cuff.  Both  cuffs  have  to  be  infleted  by  sterile  isotonic  saline 
solution.  The  two  PVC  conduits  for  the  cuffs  are  disposed  inside  the  metal  tube  to  protect 
them  against  direct  laser  exposure. 

2.2  Experimental  setup 

Two  different  types  of  experimental  investigations  had  been  carried  out.  In  a  first  series  the 
resistance  against  laser  radiation  was  determined,  i.e.  the  time  was  measured  until  a  serious 
destruction  was  induced.  In  a  second  series  the  temperature  rise  inside  and  outside  of  the  tubes 
was  observed  by  an  IR  camera. 


2.2.1  Laser  Resistance 

The  tubes  were  mounted  and  then  exposured  at  the  outside  perpendicularly  by  laser  radiation 
with  wavelengths  in  the  UV,  visible  and  IR.  The  time  until  serious  damage  took  place  was 
measured  by  a  stop  watch  or  by  photo  sequencies  obtained  by  3  or  5  exposures  per  second. 
Further  details  of  these  experiments  had  been  described  in  earlier  papers  [1]. 
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2.2.2  T  emperature  Rise 

The  tubes  were  fixed  in  a  stable  mount  and  irradiated  at  the  outside  perpendicularly  by  the 
beam  of  a  medical  CO2  laser  (Sharplan  20  c).  Continious  radiation  was  used  with  a  power  up 


to  20  Watts  as  well  as  pulses  in  the  “super  pulse“  mode  with  pulse  lengths  of  70  ps,  peak 
power  of  250  Watt  and  an  average  power  of  7  Watt.  The  laser  beam  was  delivered  by  a  mirror 
arm  and  focussed  by  ZnSe  lens  with  125  mm  focus  length  to  spot  size  of  0.2  mm  diameter. 
Thus  the  irradiance  was  6.4-10  W/cm  in  the  cw  mode  and  8-10  W/cm  in  the  super  pulse 
mode.  The  laser  system  is  supplied  with  a  gas  flow  which  is  usually  used  to  protect  the  optical 
surfaces  against  pollution.  It  was  observed  that  this  gas  flow  works  as  an  additional  cooling 
process  for  the  endotracheal  tubes;  therefore  measurements  were  carried  out  with  and  without 
this  gas  flow. 

The  surface  temperatures  was  recorded  free  of  contact  by  an  infra  red  camera  (AVIO  2000). 
The  spectral  window  of  the  camera  from  3  to  5.4  pm  ensured  that  the  laser  radiation  at  the 
wavelength  of  10.6  pm  did  not  falsify  the  measurements.  The  emission  factor  was  set  to  0.8  for 
both  tubes;  this  value  was  checked  by  temperature  measurements  performed  by  thermo 
coubles.  To  monitor  the  inner  surface  temperature  of  the  tubes  a  window  was  cut  into  the  tube 
walls.  This  was  performed  by  taking  care  that  the  conduits  remained  unperturbed. 


2.3  Experimental  Results 
2.3.1  Laser  Resistance 

The  experimental  results  are  summarized  in  Table  1.  Due  to  the  wide  range  of  the  applied 
power  densities,  from  10^  -  10"  W/cm^,  different  degrees  of  damages  were  observed.  The 
MeroceP  foam  covering  of  the  compound  tube  vaporised  easily  at  power  densities  of  more 
than  600  W/cm^,  leaving  an  exposed  silver  foil.  However  this  variation  was  limited  to  the  spot 
of  impact.  When  the  diameter  of  the  laser  spot  was  small,  less  than  or  in  the  range  of  1  mm,  the 
foam  vaporised  with  generation  of  small  clouds  of  smoke  and  water  dust.  At  power  densities 
of  700  W/cm^  and  irradiating  a  larger  area,  which  was  done  with  the  cw  CO2  laser,  a  small 
flame  was  observed.  The  lower  layers  of  the  tube  were  not  damaged,  i.e.  the  silver  foil  and  the 
rubber  were  unaffected. 

The  damage  threshold  of  the  compound  tube  was  found  to  be  at  3.2-10^  W/cm^.  It  appeared  to 
be  undependent  of  the  laser  wavelength. 

The  metallic  tube  was  destroyed  in  all  experiments.  The  exposure  time  until  a  hole  occurred 
was  correlated  to  the  power  density:  at  2000  W/cm^  (cw  CO2  laser)  it  took  3  seconds,  at  0.8 
10®  W/cm^  (pulsed  CO2  laser)  1.3  seconds  to  perforate  one  wall  and  2.3  seconds  until  also  the 
second  wall  was  perforated.  In  all  experiments  the  PVC  conduits  inside  of  the  metallic  tube 
were  heated  up  to  temperatures  above  the  point  of  melting  or  ignition.  In  several  experiments, 
this  destruction  inside  of  the  tube  was  not  visible  while  looking  at  the  laser  induced  alterations 
at  the  outside  of  the  tubes.  The  full  damage  was  observed  after  splitting  the  tube  with  a 
diamond  saw. 


The  laser  resistance  of  the  cuffs  was  measured  in  the  same  way.  The  rubber  membranes  of  the 
compound  tubes  were  seen  to  be  much  more  stable,  by  a  factor  of  two  to  20,  than  the  PVC 
cuffs  of  the  metallic  tube.  Details  are  described  in  the  literature  [2]. 


221 


Type  of 
Laser 

Type  of 
Tube 

Number 
of  Tests 

Power  Density 
[W/cm^] 

Observation 

CO2,  cw 

Compound 

8 

2.6-10^ 

no  hole  -within  5  s* 

Metal 

3 

2.5-10^ 

flame,  hole  after  2  s 

CO2,  pulsed 

Compound 

2 

1.6-10' 

no  hole  -within  120  s* 

Metal 

2 

0.8-10' 

hole  after  1.3  s,  penetration  after  2.3  s 

Holmium 

Compound 

14 

2-10' 

no  hole  within  60  s* 

3.2-10' 

4  s:  hole  when  fiber  is  pushed 

Metal 

3 

2-10' 

hole  in  less  than  10  s 

NdA^AG 

Compound 

16 

2-10' 

no  hole  -within  10  s* 

Metal 

6 

2-10^ 

hole  after  1  s,  penetration  after  4.3  s 

NdA^AG 

Compound 

10 

28-10® 

no  hole  within  40  s 

freq.  doubl. 

185-10® 

15  s:  hole  in  silver  foil 

30s:  crater  in  rubber  1.3  mm  deep 

60  s:  crater  in  rubber  1.8  mm  deep 

300-10® 

15  s:  crater  in  rubber  2.5  mm  deep 

30  s:  rubber  perforated 

Metal 

7 

27-10® 

no  hole  -within  120  s 

185-10® 

15  s:  crater,  no  hole;  30  s:  hole 

3-10” 

15  s:  crater;  30  s:  hole 

Ar^ 

Compound 

2 

1.5-10' 

no  hole  -within  120  s* 

Metal 

2 

10s:  no  hole  but  destroyed  PVC  conduits 

Excimer 

Compound 

8 

4.7-10® 

hole  in  ~  12  s,  perforation  in  36  s 

5.5-10® 

hole  in  7  s,  perforation  in  20  s 

Metal 

6 

4.7-10® 

hole  in  26  s,  perforation  in  40  s 

§Penetration:  Laser  beam  exits  at  the  rear  side  of  the  shaft 
*Experiment  was  stopped  after  this  time 


Table  1:  Summary  of  the  experimental  results  on  the  laser  resistance  of  the  tubes  shafts 


2.3.2  T  emperature  Rise 

Fig.  1  shows  the  result  of  the  temperatures  measured  at  the  outside  of  the  metallic  and  the 
compound  tube  while  the  tube  were  exposured  with  a  laser  pulse  of  1  s  duration  and  20  W. 
While  the  temperature  of  the  metallic  tube  rises  up  to  240  "C  the  measured  temperature  at  the 
surface  of  the  compound  tube  stood  below  140  °C,  which  was  the  temperature  of  the  cloud  of 
water  dust  leaving  the  surface.  The  temperatures  inside  of  the  tubes  are  shown  in  Fig.  2.  Again 
a  20  W  pulse  was  used.  After  5  s  the  exposure  was  stopped  in  case  of  the  metallic  tube,  since 
the  temperature  has  rised  up  to  280  °C.  This  was  in  clear  contrast  to  the  observation  with  the 


compound  tube  where  the  inside  temperature  reached  38  °C  after  20  s  exposure  time  and  stood 
stable  at  this  value  until  the  exposure  was  stopped  after  60  s. 


time  [s] 

Fig.  1:  Temperature  rise  measured  inside  of  endotracheal  tubes;  CO2  laser,  20  W,  exposure 
time  1  s 


time  [s] 

Fig.  2:  Temperature  rise  measured  inside  of  endotracheal  tubes;  CO2  laser,  20  W,  exposure 
time  5  s  for  the  metallic  tube  and  60  s  for  the  compound  tube. 
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3  Discussion 


Looking  from  a  global  standpoint  it  is  not  very  difficult  to  find  laser  resistant  materials;  for 
example  bricks  are  used  for  beam  stopps  for  high  power  laser  beams.  However  for  clinical 
equipment,  like  endotracheal  tubes,  the  demand  of  laser  resistance  is  only  one  condition  among 
others,  like  the  mechanical  flexibility  or  a  smooth  surface  for  biological  acceptance  or  the 
avoidance  of  toxic  evaporations  generated  by  laser  induced  heating. 

Power  densities  used  in  laser  surgery  range  from  several  hundred  Watts  per  square  centimeter 
for  coagulation  up  to  10®  W/cm^  for  tissue  ablation;  values  of  the  same  range  are  used  for 
material  processing  as  shown  in  Table  1.  This  points  out  that  laser  power  densities  neccessary 
to  induce  specific  laser  tissue  interactions  are  already  harmfiill  to  technical  surfaces,  i.e.  it 
needs  special  prepared  and  selected  materials  to  avoid  laser  induced  damage. 


Power  Density 

Laser  Tissue  Interaction 

Material  Processing 

10"  W/cm" 

Coagulation 

Soldering 

lO^W/cm" 

Vaporization 

Transformation  Hardening 

10®  W/cm^ 

Ablation 

Welding 

10^-10**  wW 

Drilling 

10“  Wcm^ 

Disruption 

Shock  Hardening 

Table  2:  Comparison  of  power  densities  used  for  laser  tissue  interaction  and  material 
processing 


As  indicated  in  Table  2  it  is  not  a  simple  task  to  achieve  laser  resistance;  therefore  the  different 
processes  of  laser  light  interacting  with  material  are  described  in  more  detail. 

When  a  laser  beam  reaches  a  material  surface.it  gets  reflected  or  scattered  at  the  surface  or 
transmitted  into  the  material.  Inside  the  material  the  beam  gets  absorbed  and  scattered,  while  a 
remaining  part  may  exit  the  material  at  the  opposite  side. 


The  intensity  of  the  incidented  laser  beam  is  indicated  by  lo  the  fraction  of  this  intensity 
reflected  or  scattered  at  the  surface  is  given  by 

Ir  =  R’Iq 

and 

Is  =  S'lo. 
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Thus  this  part  of  the  intensity  which  is  transmitted  into  the  material  is  calculated  to 


Im(0)  =  lo  -  Ir  -  Is  =  (1-R-S)-I„ 

This  intensity  is  decreased  by  absorption  and  scattering  when  the  beam  propagates  to  the  depth 
X  inside  of  the  material 


Im(z)  =  Io(0)-exp(-a-x) 

a  is  the  coefficient  of  attenuation,  which  is  the  combination  of  scattering  and  absorption.  For 
the  discussion  here  it  is  unimportant  by  which  process  inside  of  the  material  the  beam  gets 
decreased.  Whenever  the  absorption  factor  is  larger  than  the  scattering,  the  photons  will  get 
absorbed,  which  means,  the  deposition  of  energy  into  the  material  differs  only  in  the  spatial 
distribution.  Assuming  the  material  has  the  thickness  d  the  totally  transmitted  intensity  is 

It  =  (1  -  R  -  S)*exp(-a-d)-Io 

That  amount  of  the  intensity  which  is  absorbed  in  the  material  is  calculated  by  combining  all 
equations  described  so  far 


Ia  =  (1  -  R-SHl-exp(-ad))-Io 

Since  this  amount  of  intensity  heats  up  the  material  its  value  should  be  as  small  as  possible. 
This  can  be  obtained  in  two  ways: 

a)  The  first  bracket  (1  -  R  -  S)  could  be  very  small,  which  means  R  +  S  should  be  close  to 
1;  S  close  to  1  would  mean  a  high  reflexion  which  invoves  the  risk  of  strong 
uncontrolled  reflexion.  This  has  to  be  avoided  since  it  may  hurt  surrounding  tissue. 
Therefore  the  best  way  is  to  select  R  very  small  and  the  coefficient  of  scattering  S  close 
to  1. 

b)  The  second  bracket  (1-  exp(-ad))  should  be  small.  Since  this  expression  can  be 
approximated  by  a-d,  it  is  obvious  that  the  thickness  d  or  the  attenuation  coeflBcient  a 
should  be  very  small,  i.e.  one  should  select  thin  and  transparent  tubes. 

Version  a  is  followed  by  the  construction  of  several  kinds  of  endotracheal  tubes.  Especially 
metals  with  a  rough  and  ondulated  surface  structure  come  close  to  this  postulated  optimum. 
However  it  can  not  be  avoided  totally  that  a  fraction  of  the  laser  beam  is  transmitted  into  the 
material  and  finally  absorbed. 

In  practice  also  Version  b  is  limited.  The  CO2  laser  radiation  at  a  wavelength  of  10.6  pm  is 
strongly  absorbed  in  many  solid  polymers  by  excitation  of  vibronic  bands;  on  the  other  hand  a 
thin  wdl  would  lead  to  an  unstable  mechanical  construction  with  the  tendency  to  collapse  or 
crack.  Furthermore  a  tube  with  thin  wall  would  have  a  small  heat  capacity. 
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Therefore  one  has  to  accept  the  boundary'  condition  that  laser  energy  is  absorbed  and  finally 
transferred  to  the  heat  Q,  which  is  calculated  by  the  absorbed  laser  intensity  U  per  area  A  and 
the  exposure  time  x. 


Ia  =  Absoq)ed  Power/  Area  =  E-t/A 

The  heat  Q  can  be  expressed  as  the  product  of  the  heat  capacity  c  and  the  temperature  rise  AT 

E  =  Q  =  c  AT 

Now  the  question  has  to  be  answered,  which  is  the  best  construction  to  accepted  the  largest 

amount  of  heat  Q  without  destruction.  There  are  at  least  two  ways  to  achieve  this  goal: 

a)  One  should  use  high  temperature  materials,  i.e.  materials  which  are  mechanically  and 
chemically  stable  when  be  heated  up.  In  other  words  chemical  reactions,  especially  with 
air  oxygene,  and  phase  transitions  like  melting  or  getting  soft  should  start  at  high 
temperatures;  again  metals  seems  to  fulfil  this  condition  in  the  best  way  especially 
stainless  steel. 

b)  One  should  use  devices  with  a  large  heat  capacity,  which  keeps  AT  small  at  a  specific 
amount  of  heat  Q 

The  heat  capacity  c  is  determined  by  the  specific  heat  Cs  of  the  material  and  the  mass  mh  which 

is  heated  up. 


c  =  cs-nih 

The  mass  mn  is  determined  by  the  heat  transport  in  the  material.  As  more  heat  is  distributed  as 
more  mass  is  heated  up..  Heat  transmission  is  performed  by  heat  conduction,  heat  convection 
and  radiation.  While  the  last  one  is  not  important  an  important  factor  in  the  temperature  range 
up  to  several  100°  C,  the  other  two  factors  are  important.  Heat  conduction  depends  on  the 
material,  it  varies  from  33000  W/(cm-K)  for  diamond,  427  for  silver,  15-21  for  stainless  steel 
to  0.7  -  1.4  for  glass.  The  most  efficient  way  for  heat  transport  is  convection  especially  when  a 
phase  transition  is  involved,  i.e.  a  liquid  is  vaporized  at  the  hot  side  and  condensated  at  a 
cooler  area.  Heat  pipes,  which  are  used  to  cool  high  power  semiconductors  are  working  in  this 
way.  Also  the  cooling  mechanism  of  the  compound  tube  is  based  on  convection,  here  by 
vaporizing  water  which  involves  a  heat  of  vaporisation  of  2258  J/g.  Capillary  forces  in  the 
foam  guide  water  from  areas  far  off  the  laser  spot  to  the  heated  spot  and  ensure  that  this  area  is 
not  dehydrated.  For  the  numbers  given  in  table  3  only  the  amount  of  water  in  the  surface  area 
of  1  cm^  was  used;  since  the  reservoir  of  water  available  for  cooling  is  much  larger  the  real 
heat  capacity  is  much  higher. 
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Metallic  Tube 

Compound  Tube 

At  the  Surface 

Material 

Stainless  Steel 

Moistened  Foam,  Silver  Foil 

Specific  Heat  Conduction 

15-21  W/(m-K) 

427  W/(m-K)  (silver) 

Heat  Capacity  per  1  cm^ 

0.162  J/K 

0.188  J/K  + 

101,6  J  (vaprization) 

Energy  for  a  Temperature 

Rise:  20°  -  100°  C 

13  J 

117  J 

To  the  Inside 

Specific  Heat  Conduction 

15-21  W/(m-K) 

2.2  W/(m-K)  (rubber) 

Thickness 

0.15  mm 

2  mm 

Heat  Conduction 

1  -  1.4  10' W/K 

1.1  10"  W/K 

Critical  Temperature 

160°  C 

400°  C 

Table  3;  Comparison  of  the  heat  transport  and  the  heat  capacities  of  the  metallic  tube  and  the 
composite  tube. 

The  results  of  this  discussion  are  summarized  in  Table  4.  The  second  column  shows  the 
optimum  of  all  different  factors,  while  the  columns  three  to  seven  show  how  good  these  values 
are  reached  by  the  different  constructions  of  endotracheal  tubes.  Obviously  all  the  uncovered 
polymers  have  a  low  heat  capacity  and  a  low  heat  conduction;  furthermore  their  absorption 
coefficients  at  the  wavelength  of  10.6  pm  are  large,  they  get  heated  up  to  critical  temperatures 
in  a  short  time  by  a  laser  power  of  10  or  20  Watts.  Within  this  group  teflon  (PTFE)  has  the 
highest  ignition  point;  nevertheless  it  should  be  carefully  used,  since  the  avaporations  caused 
by  laser  pyrolysis  are  extremely  toxic. 

Protecting  the  polymer  tubes  by  wrapping  them  by  metallic  tapes  or  foils  does  not  improve  the 
heat  capacity  but  brings  up  the  risk  of  uncontrolled  reflexions  as  shown  in  the  5th  column. 

Only  two  columns  come  close  to  the  neccessary  conditions.  The  metallic  tube  is  build  up  by 
thermally  high  resistant  material  with  a  melting  point  at  1500°  C.  A  weak  point  is  the  low  heat 
conduction  und  heat  capacity  which  leads  to  a  hot  spot  at  the  location  of  impact.  These  critical 
points  are  much  better  solved  in  the  construction  of  the  compound  tube.  The  heat  conduction 
of  silver  is  20  times  larger  than  that  of  stainless  steel  and  the  cooling  due  to  the  moistened 
foam  results  in  a  high  amount  of  energy  which  is  neccessary  to  heat  1  cm^  from  20°  C  to  above 
of  100°  C.:  1 17  J,  which  is  9  times  larger  than  in  the  case  of  the  stainless  steel  tube. 


A  critical  point  is  the  transmission  of  heat  to  the  inside  of  the  tube.  A  construction  by  a 
homogenious  material  gives  an  isotropic  propagation  of  heat;  heat  conduction  at  the  surface  is 
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the  same  as  to  inner  part  of  the  tube.  The  inner  part  of  the  composite  tube  consists  of  rubber 
which  has  a  low  heat  conduction.  With  the  thickness  of  the  wall  of  2  mm  the  heat  conduction  is 
1.1 -10^  W/K  which  is  100  times  lower  than  the  heat  conduction  in  the  stainless  steel  tube.  The 
differences  of  these  two  in  heat  capacity  and  heat  conduction  explains  the  temperature  rises 
observed  at  inner  surface.  While  the  temperature  inside  of  the  stainless  steel  tube  rised  up  to 
several  hundred  degree  Celcius  within  seconds,  the  temperature  inside  of  the  composite  tube 
stood  constant  at  38°  C  during  the  exposure  of  one  minute. 

Another  serious  point  is  the  inner  construction  of  the  stainless  steel  tube.  The  conduits  for  the 
cuffs  are  guided  inside  the  tube  to  protect  against  direct  laser  exposure,  which  works  suffiently 
unless  the  tube  wall  got  heated  up.  A  critical  temperature  of  the  metallic  tube  is  reached  at 
least  at  160°  C  when  PVC  gets  soft.  At  higher  temperatures  the  PVC  conduits  start  to 
desintegrate  and  even  ignite.  Critical  temperatures  of  the  rubber  material  of  the  composite  tube 
are  at  400°  C  where  after  30  s  rubber  shows  first  thermal  destruction.  Not  only  this  value  is 
significantly  higher  than  160°  C,  furthermore  the  cooling  mechanism  by  evaporation  of  water 
keeps  the  system  on  a  much  lower  temperature  level. 


Item 

Optimum 

PVC 

Teflon 

Poly¬ 

ethylene 

PVC  + 
Foil 

Metallic 

Tube 

Compound 

Tube 

Toxic 

Evaporations 

small 

- 

— 

-f 

++  (outside) 

-  (inside) 

++ 

Reflexions 

small 

+ 

+ 

+ 

- 

0 

4- 

Scattering 

large 

0 

0 

0 

-  - 

4- 

+ 

Absorption 

a-d 

small 

- 

«.  - 

0 

-h 

+ 

Critical 

Temperature 

large 

+ 

-  - 

“ 

+ 

+  + 

Heat  Capacity 

large 

— 

— 

“  “ 

““ 

“ 

+  4 

Heat 

Conductivity: 
at  the  surface 
to  the  inside 

large 

small 

+  + 

+  + 

+  4- 

+ 

+ 

4  4 

4  4 

Table  4:  Conditions  which  should  be  fulfilled  by  a  laser  resistant  endotracheal  tube  in 
comparison  to  the  properties  various  polymers  and  tube  constructions 
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4  SUMMARY 


It  had  been  pointed  out  which  mechanisms  lead  to  laser  induced  heating  and  which  physical 
processes  can  be  used  to  avoid  heating  of  delicate  parts.  The  points  had  been  discussed  at  the 
example  of  the  laser  resistance  of  endotracheal  tubes.  While  scattering  at  the  surface  is  the  best 
way  restrain  absorption  of  laser  energy  in  the  material,  the  temperature  rise  is  determined  by 
the  heat  capacity  and  the  heat  transport  in  the  material.  Herein  an  anisotropic  heat  conduction 
protects  the  device  much  better  than  an  isotropic  conduction.  The  heat  should  be  distributed 
on  the  surface  and  not  transmitted  to  the  inside,  especially  when  parts  are  located  inside  which 
are  sensitive  against  higher  temperatures.  These  are  the  reasons  why  the  compound  tube  has.  a 
much  higher  laser  resistance  than  the  metallic  tube. 
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